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ABSTRACT
Sustainable development is a global goal to address the climate change due to increased
greenhouse emissions. The construction industry is the largest industry in the world and
cement is the most widely used material. Cement industry is a major contributor in carbon
dioxide (CO2) emissions. In recent years, geopolymer concrete (GPC) has emerged as a
sustainable alternative to ordinary Portland cement concrete (OPC). The GPC not only
eliminates the use of cement, but also utilizes the industrial waste materials like fly ash
(FA) and ground granulated blast furnace slag (GGBFS).
Steel reinforced concrete (RC) structures are commonly used in the construction industry.
Steel reinforcement is prone to corrosion, which leads to the loss of strength,
serviceability and durability of RC structures. This results in huge repair and maintenance
costs. To overcome the corrosion susceptibility of the steel, fiber reinforced polymer
(FRP) was developed. The FRP is a non-corrosive, light-weight and durable material. In
addition, the FRP possesses high tensile strength and electromagnetic resistance as
compared to steel.
The high brittleness of GPC is considered as a barrier in its practical application. The
external confinement on concrete is a technique to increase the ductility and strength.
Thus, FRP confinement on GPC can be used to overcome the lack of ductility of GPC.
Only a few research studies investigated the behavior of FRP confined GPC. Previous
research studies have not explored the applicability of existing confinement models of
FRP confined OPC on FRP confined GPC. This study was aimed to investigate the
compressive behavior of FRP confined GPC and the behavior was compared with the
existing confinement models for FRP confined OPC. Also, a GPC column internally
vi

reinforced with FRP bars and externally confined with FRP tube was developed. Further,
a detailed experimental and analytical investigation was conducted to study the structural
behavior of the developed column.
In this study, two main components were designed and carried out. In the first component,
the effect of FRP confinement on GPC under compression was investigated. The effects
of the type of FRP and the thickness of FRP on the failure mode, stress-strain behavior,
peak axial stress and ultimate axial strain were ascertained. Further, the applicability of
the existing confinement models for FRP confined OPC on the FRP confined GPC was
investigated. The experimental and analytical results revealed that the behavior of the
FRP confined GPC is different than the FRP confined OPC. Also, the existing models
available to predict the ultimate conditions of FRP confined OPC can be utilized for FRP
confined GPC but the models were unable to accurately predict the stress-strain behavior
of FRP confined GPC.
In the second component of this study, FRP reinforced GPC filled FRP tube column was
developed as a sustainable and durable alternative to steel reinforced OPC column. To
investigate the structural behavior of the proposed column, twenty four specimens of 200
mm diameter and 800 mm height were cast and tested under different loading conditions.
The behavior of the tested specimens was critically assessed by analyzing the effect of
the loading conditions (axial concentric, axial eccentric and flexural loads), the type of
concrete (OPC and GPC), the type of internal reinforcement (steel, basalt FRP and glass
FRP) and the type of lateral confinement (steel helices, basalt FRP tube and glass FRP
tube). In addition, an analytical approach was developed to predict the load-moment (PM) interaction behavior of the FRP reinforced GPC filled FRP tube columns.
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The experimental and analytical results revealed that the FRP reinforced GPC filled FRP
tube column sustained higher peak loads and showed higher ductility as compared to the
OPC column reinforced with steel bars and steel helices. Finally, it can be concluded that
the FRP reinforced GPC filled FRP tube column can be used as a sustainable and durable
alternative to the steel bar reinforced OPC column without compromising the strength
and ductility requirements.
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𝜀𝜀𝑐𝑐𝑐𝑐 = Strain at the center of each layer

μ = Ductility

𝜌𝜌 = Longitudinal reinforcement ratio

𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓 = Volumetric ratio of the FRP tube confinement

ơ𝑙𝑙 = Lateral confinement pressure
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Chapter One: Introduction

1.1 Overview
Climate change around the world is the result of the unsustainable practices. Climate
change is mostly driven by global warming. The primary reason of global warming is the
greenhouse gas emissions in the environment. Construction industry is the largest and
oldest industry in the world. On the other hand, construction industry is responsible for
high energy demands, global greenhouse gas emissions, resources depletion, environment
quality degradation and solid waste production [1]. Concrete used in construction industry
is the second most consumed material in the world after water [2, 3]. Portland cement is
a major component of concrete. It is estimated that the production of Portland cement
contributes 5-7% of the total carbon dioxide (CO2) emissions worldwide [4, 5]. Also, the
production of cement is expected to grow by 50% from 2017 to 2050 [6]. Considering the
CO2 emissions due to cement production, a green concrete named “Geopolymer concrete
(GPC)” was developed to reduce the carbon footprint of the construction industry [7].
Geopolymer concrete eliminates the use of cement for concrete production and also
utilizes the industrial wastes.
The use of steel reinforcement in concrete columns is very common in the construction
industry. However, these types of columns are prone to degradation due to steel corrosion,
especially in aggressive environments like marine environment. Fiber reinforced polymer
(FRP) offers a non-corrosive, light weight, durable and high strength alternative to steel.
The FRP is available in different forms including FRP reinforcing bars, FRP helices, FRP
wrap for confinement and FRP tube for the new construction.
This study was aimed to investigate the behavior of FRP confinement on GPC under
compression. In addition, the behavior of FRP confined GPC was compared with the
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predictions of the existing models for FRP confined ordinary Portland cement concrete
(OPC). Also, this study aims to develop a sustainable and durable column. Detailed
experimental and analytical investigations were carried out to analyze the behavior of
geopolymer concrete filled FRP tube circular column internally reinforced with FRP bars
under different loading conditions.
1.2 Background
1.2.1 Geopolymer concrete
The utilization of sustainable construction materials with low carbon emissions is an
important step for a sustainable construction industry [8]. A sustainable construction
industry will pave the path for achieving the goals set by the Paris agreement and United
Nation’s sustainable development goals [9]. Geopolymer concrete is a sustainable and
environmentally friendly concrete, which not only eliminates the use of Portland cement
but also utilizes industrial wastes like fly ash (FA) and ground granulated blast furnace
slag (GGBFS) as aluminosilicate binders. The FA and GGBFS are the by-products
produced as a result of coal-fired power and iron production, respectively [10]. The
production of GPC utilizes aluminosilicate binders and alkali activator solution. The GPC
has comparable mechanical and durability properties to the OPC [11].
1.2.2 Fiber reinforced Polymer (FRP)
Fiber reinforced polymers (FRP) can be used to counter the steel corrosion and reduce
the consumption of steel in the construction industry. The FRPs are non-corrosive, light
weight and have high strength and stiffness. These advantages of FRP paved its way for
the practical utilization of FRP in the construction industry. It is used in many forms in
the construction industry like FRP wrap for strengthening of structures, FRP tubes for
new composite columns construction and FRP bars in concrete as a replacement to steel
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bars [12-14]. Commonly used types of FRP in the construction industry are the Carbon
FRP (CFRP) and Glass FRP (GFRP).
Basalt is a natural mineral that is found in volcanic rocks [15]. The manufacturing process
of basalt fibers is almost the same as of glass fibers, but the energy requirements and
additives requirements are less than the glass fiber manufacturing process. The main
difference between the manufacturing of glass and basalt fibers is that glass is
manufactured utilizing a complex mixture of materials, while basalt is produced by just
melting the naturally occuring basalt rock and then producing the filament and fibers.
This difference in manufacturing led to the lower cost and less energy for the production
of basalt fibers as compared to glass fibers [16]. Also basalt fibers have good thermal
stability, chemical stability, non-combustible and better alkali resistance as compared to
glass fibers [17]. Both the GFRP and Basalt FRP (BFRP) are less in cost as compared to
the CFRP. The use of Basalt FRP (BFRP) in the construction industry to replace GFRP
and CFRP can be presented as a sustainable approach.
1.3 Review of literature
1.3.1 FRP confined concrete
The improved strength and ductility due to confinement was first recognized in 1906 by
considère [18]. Last three decades witnessed a massive research in the field of FRP
confinment. This has led to the development of many confinement models for the stressstrain prediction of FRP confined concrete [19-23]. Still many researchers are focusing
on further improvement of the confinement theory for more accurate design guidelines
preparation.

3

1.3.2 FRP confined geopolymer concrete
Geopolymer concrete is considered to be more brittle as compared to ordinary Portland
cement concrete (OPC) [24, 25]. The brittleness of GPC can be reduced by using FRP
confinement. It is a well established fact that the use of external FRP cofinement improves
the strength and ductility of concrete [26]. In the last three decades, a significant research
progress in the field of FRP confinment on concrete was observed. However, only few
studies have investigated the axial compressive behavior of FRP confined GPC [27-29].
Lokuge and Karunasena [27] studied the effect of FRP confinement on the ductility of
the GPC. Three different mix designs of GPC were used to alter the strength. Two types
of FRP confinement, namely GFRP and CFRP were used. It was observed that the
ductility of GPC specimens with GFRP confinement was higher than the specimens with
CFRP confinement. Also, it was concluded that the stress-strain behavior of FRP confined
normal strength GPC is similar to the FRP confined high strength OPC. However, the
study did not discuss the detailed behavior of FRP confined GPC in comparison with the
FRP confined OPC.
Ozbakkaloglu and Xie [29] studied the behavior of GPC filled circular and square FRP
tube columns under axial compression. The study considered the parameters including
the type of concrete (OPC and GPC), number of layers of FRP (1 and 2), type of FRP
tube (BFRP, GFRP and CFRP) and shape of FRP tube (circular and square). It was
observed that GPC filled FRP tube specimens resulted in an equal stress enhancement
and depicts a similar failure mode as of OPC filled FRP tube specimens. However, axial
strain enhancement is lower in GPC filled FRP tube specimens as compared to OPC filled
FRP tube specimens. This difference in behavior can be attributed to the brittle nature of
GPC as compared to OPC. Also, it was observed that GFRP tube resulted in higher
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ultimate axial strains as compared to the BFRP and CFRP tubes. The study also modified
an existing confinement model to be applicable to GPC filled FRP tube specimens.
However, the study did not provide a detailed comparison of experimental results with
the existing confinement models. This comparison would help in understanding the major
differences in the behavior of the FRP confined GPC with FRP confined OPC.
The detailed critical review of literature regarding geopolymer concrete and FRP
confined GPC is presented in Section 2.2 of Chapter Two.
1.3.3 Concrete filled FRP tube (CFFT) columns
Concrete filled FRP tube columns has been a major focus for decades in research
community due to its advantages. The wrapping of existing structural members with FRP
is well established. However, CFFT is a technique for new construction and research is
being carried out to completely understand its behavior. It increases the ductility, reduces
the weight of structure and provide corrosion resistance when compared with reinforced
concrete (RC). It also bring ease of construction as it utilizes the external tube as left in
place formwork.
Lillistone and Jolly [30] tested the concrete filled glass fiber filament wind tubes under
concentric and eccentric axial loads. It was observed that the CFFT resulted in a
significant increase of load carrying capacity of concrete. Mirmiran et al. [31] studied the
beam-column behavior of CFFT and concluded that CFFT can carry more axial
concentric load as compared to its steel reinforced concrete counterpart. Also it was
observed that the failure of CFFT was more ductile and resulted in an earlier warning
than the RC specimens.
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Hong and Kim [32] studied the behavior of CFFT under axial compression. Filament
wound carbon fiber tubes were used. The test parameters were the winding angle and the
cross sectional shape of the CFFT. It was observed that circular specimens were more
efficient in enhancing the axial load capacity of the column as compared to the square
shaped CFFT columns. Also it was observed that by increasing the winding angle of fibers
on the tube (angle measured from the longitudinal direction of the tube), confinement
effectiveness increased. A confinement model based on the angle of winding was also
developed and validated with the experimental results.
A comprehensive experimental study related to CFFT was conducted by Ozbakkaloglu
[33]. More than 250 specimens of CFFT were cast and tested under concentric axial load
to assess the behavior of CFFT by varying different parameters. The tubes used in the
study were manufactured by wet layup technique using epoxy resin. It was observed that
no significant change occurred in the result by varying the specimen size. It was also
observed that by increasing the concrete strength the confinement effectiveness of CFFT
decreases. The study also analyzed the confinement effectiveness of CFFT produced by
using tubes manufactured by wet layup technique and tubes manufactured by filament
wound technique. It was observed that CFFTs with filament wounded tubes performed
better than the tubes manufactured by wet layup technique. The study also commented
on the FRP wrapping technique in comparison with the FRP tube. It was observed that
both the specimens with FRP wrapping and FRP tube behaved similarly.
1.3.4 Internally reinforced concrete filled FRP tube (CFFT) columns
Concrete filled FRP tube columns have emerged as a suitable column type for
construction in aggressive environments where the corrosion of steel reinforcement is a
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major threat. Also, CFFT offers ease in construction, rapid construction, increase in the
ductility and improvement in the durability of the column. Abdallah et al. [34] found that
the CFFT columns exhibit higher strength and stiffness as compared to the steel
reinforced column confined with internal steel helices. In the last two decades, researchers
were more focused on investigating the strength, ductility and durability of the CFFT
columns [35-39]. Recent studies also investigated the behavior of internally reinforced
CFFT columns [13, 40]
Hadi et al. [13] studied the behavior of GFRP reinforced concrete filled GFRP tube
columns and CFRP reinforced concrete filled CFRP tube columns under different loading
conditions. The behavior of concrete filled GFRP and CFRP tube columns without
internal reinforcement was also assessed. Steel reinforced concrete specimens were also
cast and tested for comparison purposes. The specimens were of 812 mm height and 203
mm diameter. Hadi et al. [13] found that the internally reinforced CFFT specimens
resisted higher peak load and higher axial strain at peak load as compared to the
unreinforced CFFT specimens which showed the contribution of FRP bars in
compression. Also, it was observed that the ductility of internally reinforced CFFT tested
under eccentric loads was higher than the unreinforced CFFT specimens and steel
reinforced reference specimens. Hadi et al. [13] concluded that the use of internal FRP
reinforcement in the CFFT column not only increased the strength but also the ductility
of the column. Also, the performance of the internally reinforced CFFT column under
eccentric loading was superior to the unreinforced CFFT column.
Ahmed et al. [40] studied the behavior of reinforced CFFT columns with height of 1900
mm and diameter of 213 mm. Parameters studied were the thickness of the FRP tube (2.9
and 6.4 mm), type of internal reinforcement (steel, CFRP bars and GFRP bars) and
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reinforcement ratio of the longitudinal reinforcement (1.2 and 3.4). The columns were
tested under monotonic and cyclic axial compression. The contribution of GFRP and steel
bars were estimated to 10% and 15% of the total load carrying capacity of the column,
respectively. It was also observed that under the cyclic loading FRP reinforced CFFT
columns resulted in lower residual plastic strains as compared to the steel reinforced
CFFT columns. This observation led to the conclusion that the role of longitudinal
reinforcement is important and should be considered in modeling the stress-strain
behavior of reinforced CFFT columns. Also, it was concluded that the behavior of the
CFFT column with internal steel reinforcement is comparable to the CFFT column with
internal FRP reinforcement.
An extensive review of literature regarding the internally reinforced CFFT columns can
be found in Sections 3.2, 4.2 and 5.2 of Chapters Three, Four and Five, respectively.
1.4 Problem statement
Geopolymer concrete (GPC) and high strength concrete are considered as brittle concrete
[41, 42]. The ductility of the structural members constructed using GPC will pose a threat
to its structural performance. The external FRP confinement on GPC can be used to
improve the ductility of GPC. However, the behavior of FRP confined GPC needs indepth investigation. Also, the applicability of the existing confinement models for the
FRP confined OPC on the FRP confined GPC requires investigations.
The utilization of new materials in the development of structural members is gaining
widespread research attention. Also, to reduce the carbon footprint of the construction
industry, the utilization of GPC in infrastructure applications needs to be investigated.
Internally reinforced concrete filled FRP tube columns have emerged as a suitable column
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type for construction with superior performance than the unreinforced CFFT columns.
The utilization of GPC in the reinforced CFFT column will not only introduce the
sustainability in the construction industry but will also overcome the brittleness of GPC.
The FRP reinforced GPC filled FRP tube column can also be a suitable option for
construction in the aggressive environments like marine environment due to its
sustainability and durability of the utilized materials. Few studies are available for the
FRP reinforced CFFT column but the observations from those studies might not be valid
for the FRP reinforced GPC filled FRP tube columns. This is because the behavior of
GPC is different from the behavior of OPC. There is a need to further explore the
difference in the behavior of FRP confined OPC and FRP confined GPC. Also, the
behavior of FRP reinforced GPC filled FRP tube column has not been studied before and
requires investigations. Therefore, this study was focused to investigate the experimental
behavior of the FRP reinforced GPC filled FRP tube columns under different loading
conditions. The utilization of BFRP in place of GFRP was also investigated for the
development of a sustainable column type. Primarily, columns are designed to resist axial
compressive loads. However, in practice, columns may experience the combination of
axial load and moments due to vertical misalignment or geometric imperfection. This
combination of load and moment may result in difference in the behavior of the proposed
column. Therefore, an analytical investigation is required to study the load-moment
interaction behavior of the FRP reinforced GPC filled FRP tube columns for design
applications.
1.5 Research objectives
The research objectives of this study are presented as follows:
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1. To investigate the behavior of FRP confined geopolymer concrete under axial
compression. The effect of the type and the thickness of FRP on the peak axial stress and
ultimate strain to be ascertained.
2. To investigate the applicability of existing confinement models for FRP confined OPC
on the FRP confined GPC to predict the axial stress-strain behavior and axial strain-lateral
strain behavior.
3. To develop a sustainable column type utilizing geopolymer concrete, FRP bars and
FRP tube.
4. To investigate the behavior of BFRP reinforced GPC filled BFRP tube column under
axial concentric, axial eccentric and flexural loads.
5. To investigate the behavior of GFRP reinforced GPC filled GFRP tube column under
axial concentric, axial eccentric and flexural loads.
6. To develop an analytical approach for the prediction of the load-moment (P-M)
interaction behavior of FRP reinforced GPC filled FRP tube columns.
1.6 Methodology
To achieve the objective of this study, two main experimental programs were designed
and carried out. In the first component of the experimental program, twenty one circular
GPC specimens of 153 mm diameter and 306 mm height were prepared and tested under
compression. The specimens were classified in three groups. The first group consisted of
three reference GPC specimens without any external confinement. The second and the
third groups consisted of the GPC specimens confined with GFRP and BFRP,
respectively. Each of the second and the third groups consisted of three subgroups, each
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with a different number of FRP layers confinement. The test results were compared with
the predictions of different existing confinement models of FRP confined OPC. Also, the
axial stress-axial strain behavior and axial strain-lateral strain behavior were compared
with the predictions using the existing confinement models of FRP confined OPC.
In the second component of experimental program, twenty four specimens of 200 mm
diameter and 800 mm height were prepared and tested. The specimens were classified in
six groups. The first group included four OPC columns reinforced longitudinally and
transversally with steel bars and steel helices, respectively. The second group consisted
of four GPC columns reinforced longitudinally and transversally with steel bars and steel
helices, respectively. The first and the second groups were used as the reference groups
for comparison. The third group included four BFRP reinforced OPC filled BFRP tube
columns. The fourth group consisted of four BFRP reinforced GPC filled BFRP tube
columns. The fifth group included four GFRP reinforced OPC filled GFRP tube columns.
Similarly, the sixth group consisted of the four GFRP reinforced GPC filled GFRP tube
columns. The specimens in each group were tested under concentric, 25 mm eccentric,
50 mm eccentric and four-point bending loads.
In addition, an analytical investigation was performed to develop a model for the
prediction of load-moment (P-M) interaction behavior of the FRP reinforced GPC filled
FRP tube columns. The accuracy of the developed model was verified against the
experimental results obtained in this study. Further, using the developed model,
parametric studies were also conducted to study the effect of different parameters on the
P-M interaction behavior of the FRP reinforced GPC filled FRP tube columns.
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1.7 Thesis layout
This thesis consists of the experimental and analytical studies performed throughout the
PhD study. Each individual study in this thesis has been published or submitted for
publication in international journals. These studies are presented in this thesis as separate
chapters. Each chapter is placed to present the thesis in a consistent and cohesive format.
The structure of this thesis consists of six chapters and one appendix. A brief summary
of each chapter is outlined as follows:
Chapter One presents the problem faced by the world in the sustainable and durable
construction and highlights the gap in the existing literature regarding the use of
geopolymer concrete, FRP reinforcement and FRP tube columns. Chapter One also
establishes the problem statement, research objectives and methodology adopted to attain
those objectives. The layout of the thesis is also presented in this chapter.
Chapter Two presents a research study conducted to ascertain the behavior of the FRP
confinement on GPC under axial compression. Chapter Two presents the experimental
program and results of GPC confined with BFRP or GFRP. Also, the applicability of the
existing confinement models available for FRP confined OPC was checked on the FRP
confined GPC [43].
Chapter Three presents a detailed experimental study on the behavior of the BFRP
reinforced GPC filled BFRP tube columns under different loading conditions. The results
were compared with steel reinforced OPC columns, steel reinforced GPC columns and
BFRP reinforced OPC filled BFRP tube columns. The effect of changing the type of
concrete, type of longitudinal reinforcement and type of loading on the peak axial load
and ductility of the column were investigated and discussed [44]. Chapter Three also
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presents the experimental load-moment (P-M) interaction diagrams of the studied
columns.
Chapter Four presents an experimental and theoretical study on the axial compressive
behavior of the GFRP reinforced GPC filled GFRP tube columns. The effect of changing
the type of concrete, type of longitudinal reinforcement and type of loading on the peak
axial load and ductility of the column were ascertained [45]. Chapter Four also presents
a theoretical study on the prediction of peak axial load of the GFRP reinforced concrete
filled GFRP tube columns.
Chapter Five presents an analytical study conducted to predict the axial-flexural behavior
of the proposed column. Constitutive material models were selected based on their
performance. The layer by layer numerical integration method was used to develop an
analytical model for the accurate prediction of load-moment (P-M) interaction curves.
Also, a parametric study was conducted to ascertain the effects of different parameters on
the P-M interaction behavior of the proposed column [46].
Chapter Six presents the summary and overall conclusion of the thesis based on the
experimental and analytical investigations carried out during this research study. Chapter
Six also highlights the recommendations for the future research work.
Appendix A presents an analytical approach to predict the load and moment capacities of
the GFRP reinforced geopolymer concrete columns under different loading conditions.
The developed analytical load-moment (P-M) interaction diagrams were then validated
against the experimental results. Also, in this chapter a parametric study was conducted
to study the effect of compressive strength of geopolymer concrete and longitudinal
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reinforcement ratio on the load-moment response of GFRP bar reinforced geopolymer
concrete columns [47].
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Preamble
The external confinement with FRP or the use of FRP tube results in the increase of
compressive strength and strain of concrete. Many research studies have been carried out
to study the effect of FRP confinement on concrete but very limited literature is available
on the effect of FRP confinement on the geopolymer concrete. The prime objective of
this study was to investigate the behavior of FRP confined geopolymer concrete (GPC).
Also, the applicability of the confinement models, available for the FRP confined
concrete, were not checked for the FRP confined GPC. This chapter presents a study to
investigate the applicability of existing confinement models of FRP confined concrete on
FRP confined GPC. An experimental program was carried out with BFRP and GFRP
confinement on GPC. The slenderness ratio of each specimen was kept constant for
comparison. The constant slenderness ratio resulted in the exclusion of the specimen size
effect on the test results. Also, the selected size of the specimen was in line with the
available literature. The end conditions of the test specimens can be categorized as rollers.
The end conditions were also kept same to avoid any impact on the test results and are in
line with the available literature. It was observed that the transition stress in the stressstrain behavior of the FRP confined GPC is higher than the FRP confined OPC. Also, it
was observed that the ratio of predicted to observed compressive strength ranged from
0.88 to 1.16. The detailed research methodology, test matrix, results and comparison of
results with the existing models are presented and enclosed in this chapter. The research
findings have been published in the ACI Structural Journal and is enclosed in this chapter.
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2.1 Abstract
This paper investigates the behavior of basalt fiber reinforced polymer (BFRP)
confinement on geopolymer concrete (GPC) cylinders under axial monotonic
compression. Results were compared with glass fiber reinforced polymer (GFRP)
confinement on GPC cylinders. Effects of confinement on failure mode, stress-strain
behavior, peak axial compressive stress and ultimate axial strain of the tested specimens
were ascertained and discussed. It was observed that the confinement of BFRP is more
effective than the GFRP due to the higher elastic modulus and larger rupture strain of the
former. Results were also compared with the existing stress-strain models for FRP
confined ordinary Portland cement concrete (OPC). It was observed that the existing
stress-strain models generally cannot provide accurate predictions of the stress-strain
behavior of FRP confined GPC. It was concluded that BFRP confined GPC can be
considered as a sustainable alternative to the FRP confined OPC.
2.2 Introduction
Geopolymer concrete (GPC) is being promoted worldwide to reduce the carbon footprints
of construction industry [1, 2]. As it is well known, cement is a main constituent and
binder used in normal concrete. Its production results in carbon dioxide emissions of
almost the same quantity as that of cement produced [3]. Geopolymer concrete is
considered to be a green concrete which is a sustainable and environment friendly
replacement of normal concrete [4]. The GPC not only reduces the carbon related
emissions but also utilizes industrial wastes like fly ash and ground granulated blast
furnace slag [5].
Geopolymer concrete is observed to be more brittle as compared to ordinary Portland
cement concrete (OPC) [3, 6]. Pan et al. [7] also observed that the GPC showed a lower
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fracture energy and lower ductility than the OPC. Noushini et al.[8] observed that the
curing condition of the GPC affects the brittleness of the GPC. They observed that the
heat cured GPC showed higher strength and lower axial strains at peak stress than the
ambient cured GPC. Also, the GPC specimens cured in sealed ambient conditions resulted
in a higher axial strain at peak stress than the heat cured ones. This observation was in
contradiction to the general understanding that GPC resulted in lower axial strain at peak
stress than the OPC. One of the main reasons of this general understanding is that the
most of the research work directed in the field of GPC was targeted on heat cured GPC.
Fiber reinforced polymer (FRP) confined GPC columns provide an attractive alternative
to FRP confined OPC. The FRP confinement is a source of strength and ductility
enhancement [9, 10]. A sustainable natural fiber based FRP confinement of the GPC will
lead to the development of a complete sustainable replacement to the FRP confined OPC.
Basalt fiber is a natural fiber that is produced by using basalt rocks with the help of a
melting process without any addition of further additives [11]. Basalt fibers are
considered to be with high strength, high resistance to fire, high chemical resistance and
high impact resistance as compared to E-glass fibers [12]. Basalt fiber reinforced polymer
(BFRP) is considered a sustainable and environmentally friendly natural FRP [13].
Therefore, BFRP confined GPC can be considered as a sustainable replacement to the
conventionally used FRP (like glass FRP or GFRP) confined OPC.
Lokuge and Karunasena [14] studied the ductility behavior of FRP confined GPC. The
study concluded that the stress-strain behavior of FRP confined GPC is different from the
FRP confined OPC. Ozbakkaloglu and Xie [15] is the only study on the GPC filled FRP
tubes (GPCFFT). They investigated the axial stress-strain behavior of GPCFFT and the
results were compared with the OPC filled FRP tubes (OPCFFT). The compressive
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strength of the unconfined GPC and OPC used in the study was in the range of 20-25
MPa (2900-3625 psi). It was observed that the increase of strain at peak stress due to
GFRP, Carbon FRP (CFRP) and BFRP confinement was less in the GPCFFT than in
OPCFFT. The same observation was made for the strength enhancement except for the
CFRP confined specimens. The CFRP confinement behaved differently and strength
enhancement with CFRP confinement was more for GPCFFT than the OPCFFT. This
observation was attributed to the variation in the experimental test results as the difference
in average strength enhancement ratio for CFRP confined GPC and OPC was very small.
Ozbakkaloglu and Xie [15] modified the previously proposed ultimate condition
prediction equations by Ozbakkaloglu and Lim [16] for FRP confined OPC to be
applicable to the GPCFFT. The study did not compare the experimental results with the
other existing models for OPC. Also the modification was proposed on the basis of only
one experimental study with relatively low unconfined concrete strengths (i.e. 20-25 MPa
[2900-3625 psi]).
In view of the stated background, it can be observed that the behavior of FRP confined
GPC can be different than the FRP confined OPC. There is a strong need of further
experimental studies to fully understand the behavior of BFRP confinement on GPC. Also
the applicability of existing confinement models of FRP confined OPC for FRP confined
GPC needs further investigation. This study was conducted to ascertain the behavior of
FRP confined GPC under axial compression and the results were compared with the
existing confinement models for the FRP confined OPC. The test parameters adopted
were the number of FRP layers and type of the FRP confinement.
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2.3 Research significance
This study will be helpful in understanding the behavior of a newly proposed compression
member, BFRP confined geopolymer concrete. Also, this study will provide a baseline to
the further research in the development of a confinement model for this sustainable
compression member. This in turn will address the sustainability challenges in the
construction industry.
2.4 Materials
2.4.1 Geopolymer concrete (GPC)
Ambient cured GPC with a target strength of 45 MPa (6526 psi) was prepared in the
laboratory. Trial tests were conducted to develop the mix design of the GPC. The GPC
mix design proposed by Hadi et al. [17] was used as the baseline. Further trial tests were
conducted to modify the same mix design for the particular materials used in this study.
The GPC mix proportions adopted in this study are presented in Table 2.1.
Table 2.1: Geopolymer concrete mix proportions
Material

Quantity (kg/m3)

Fly ash

270

GGBFS

180

Coarse Aggregates

1294

Sand

552

14 M NaOH solution

45

Na2SiO3

113

Water

92

Superplasticizer

35

Note: 1 kg/m3 = 3.61 x 10-5 lb/in.3
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The alkali to binder ratio in the proposed mix design was 0.35 and sodium silicate to
sodium hydroxide ratio was 2.5. The total water to binder ratio was fixed as 0.25 in the
proposed mix design. Material properties of the GPC constituents are described below:
Class “F” low calcium fly ash was used as a binder in the GPC matrix. The quantity of
fly ash used in the GPC was 60% of the total binder content by weight. The fly ash was
provided by Boral Australia [18]. Ground granulated blast furnace slag (GGBFS) was
also used as a binder in the GPC matrix. The GGBFS used in this study was provided by
the Australasian Slag Association [19]. The GGBFS was 40% of the total binder content
by weight. Alkaline solution was used in the GPC for activating the binders. Mix of
sodium hydroxide (NaOH) and sodium silicate solution was used as an alkaline activator
in this study. The concentration of NaOH solution was 14 M.
Coarse aggregates with a maximum size of 10 mm (0.394 in.) were used. Coarse
aggregates were washed and air dried. River sand was used as fine aggregate in the mix.
MasterGlenium SKY 8700 was provided by the BASF chemicals Australia [20], and was
used as a superplasticizer to increase the workability and the setting time of GPC.
MasterGlenium SKY 8700 is based on polycarboxylate ether polymer.
2.4.2 Fiber reinforced polymer (FRP)
Two types of FRP were used in the study. Basalt FRP used in this study was manufactured
using 540 g/m2 (7.6x10-4 lb/in2) unidirectional basalt fabric provided by the Basalt fiber
tech Australia [21]. Glass FRP was manufactured using 460 g/m2 (6.5x10-4 lb/in2)
unidirectional E-glass fabric.
The tensile strength of the FRP coupons was ascertained as per ASTM D7565/D7565M10 [22]. Large pieces of fabric were cut and placed on a smooth surface for the
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manufacturing of FRP coupons. Epoxy resin was used with hardener in the ratio 1:5 by
weight as recommended by the manufacturer [23]. Wet layup procedure was used. Resin
was applied using a brush. A plastic scrapper was used to remove the extra resin from
each layer. Five coupons of 300 mm (11.8 in.) length and 30 mm (1.18 in) width of each
type of FRP (i.e. BFRP and GFRP) were prepared. Aluminum tabs of 70 mm (2.75 in)
length and 30 mm (1.18 in) width with a thickness of 3 mm (0.12 in) were glued at the
edges of the FRP coupons. Two component high strength glue was used to stick the
aluminum tabs with FRP coupons. Three strain gauges of 20 mm (0.79 in) length were
installed on each FRP coupon. Two strain gauges were installed on one face of the FRP
coupon. One strain gauge was installed at the center on the other face of each FRP coupon.
Tensile behavior of the FRP coupons was tested in the 500 kN (112404.4 lb) Instron
universal testing machine at the Civil engineering High bay labs in the University of
Wollongong, Australia. Aluminum tabs installed on the FRP coupons were clamped by
the machine jaws on each edge. Tension was applied at displacement controlled loading
rate of 2 mm/min (0.078 in/min) as recommended by ASTM D7565/D7565M-10 [22].
Readings of strain gauges were recorded continuously by a data logging system connected
to the machine. Test results are presented in Table 2.2. The FRP sheet thickness was
calculated by the properties of the fabric as provided by the manufacturer. Test results
showed that the tensile strength, rupture strain and modulus of elasticity of BFRP is higher
than the GFRP. The average tensile strength of BFRP coupons was almost 60% higher
than the GFRP specimens. The average modulus of elasticity of BFRP was recorded as
13.6% higher than the GFRP. Similarly, the rupture strain of BFRP was 43% higher than
the GFRP. Except the rupture strain of BFRP, the coefficient of variation for all the test
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results was in the range from 0.95% to 2.73%. The coefficient of variation for the rupture
strain of BFRP was 7.31%.
Table 2.2: Average physical and mechanical properties of FRP materials
Material

GFRP

BFRP

Thickness per layer (mm)

0.165

0.178

Average Tensile strength (MPa)

1252

2002

CV* (%)

1.72

1.06

Average Modulus of Elasticity (MPa)

79128

89914

CV* (%)

2.00

0.95

Average Rupture strain

0.0172

0.0246

CV* (%)

2.73

7.31

*CV = Coefficient of Variation
Note: 1 MPa = 145.03 psi and 1 mm = 0.0394 in.
2.5 Test matrix
Twenty-one GPC specimens were prepared and tested. The diameter and the height of the
specimens were 153 mm (6 in) and 306 mm (12 in), respectively. Table 2.3 presents the
test matrix developed for this study. Seven groups of specimens were developed. Group
“R” consisted of the reference or unconfined GPC specimens. Groups “G-2”, “G-4” and
“G-6” consisted of the GPC specimens confined with 2, 4 and 6 layers of GFRP,
respectively. Similarly, Groups “B-2”, “B-4 and “B-6” consisted of the GPC specimens
confined with 2, 4 and 6 layers BFRP, respectively. Each group consists of three
nominally identical specimens. The alphabet in the specimen designation shows the type
of FRP confinement i.e. B for BFRP, G for GFRP and R for reference or unconfined
specimens. Numeric digit after the “-” sign shows the number of layers of FRP. Roman
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numerals used in the specimen designation are used to differentiate the three identical
specimens in each group. For example, B-2-I is the first specimen of the group with two
layers of BFRP confinement.
Table 2.3: Test matrix
Group
Specimen
designation designation
R-1
R
R-2
R-3
G-2-I
G-2
G-2-II
G-2-III
G-4-I
G-4
G-4-II
G-4-III
G-6-I
G-6
G-6-II
G-6-III
B-2-I
B-2
B-2-II
B-2-III
B-4-I
B-4
B-4-II
B-4-III
B-6-I
B-6
B-6-II
B-6-III

FRP
type
Nil
Nil
Nil
Glass
Glass
Glass
Glass
Glass
Glass
Glass
Glass
Glass
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt

No. of
layers
Nil
Nil
Nil
2
2
2
4
4
4
6
6
6
2
2
2
4
4
4
6
6
6

Slenderness
ratio
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

2.6 Specimens preparation
The GPC was cast and poured in the Polyvinyl chloride (PVC) pipes. The PVC pipes of
153 mm (6 in) diameter and 306 mm (12 in) height were cut and installed on a wooden
pallet to act as a mold. Sodium hydroxide pellets were mixed in water 18-20 hours before
the concrete preparation. Almost 35 minutes before concrete mixing, alkaline solution
was prepared by adding sodium silicate solution in the sodium hydroxide solution. The
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dry constituents were thoroughly mixed in the mixer first and then the alkaline solution
was added in the mix. After 100 seconds, water and superplasticizer were added to the
concrete mix. The GPC was mixed till it became homogeneous. The slump of the
prepared GPC was 116 mm (4.56 in).
The GPC was then poured into the PVC molds and vibrated with a poker vibrator. Top of
the cylinders were finished and covered with the polyethylene sheet to avoid the loss of
moisture. The GPC specimens were cured at room temperature in the PVC molds. After
28 days the PVC mold was cut and removed to get the GPC specimen out of the mold.
The specimens were left at room temperature in the lab for 24 hours. Basalt and glass
fiber sheets were first impregnated with the epoxy resin using a plastic scrapper. The
saturated fiber sheets were then applied on the GPC cylinders. An overlap of 150 mm (6
in) was provided during wrapping the FRP around GPC specimens to avoid de-bonding.
2.7 Instrumentation
For each cylinder specimen, two linear variable displacement transducers (LVDT) were
placed between the platens of the compression testing machine. Additionally, a
compressometer with four LVDTs was also used to measure the axial deformation. The
compressometer with LVDTs was centered at the mid height of the cylinder with a gauge
length of 166 mm (6.53 in). For each cylinder wrapped with FRP, three strain gauges
were placed at the mid height of the cylinder in the hoop direction to measure the
circumferential strain. The strain gauges used were of 20 mm (0.787 in) gauge length.
The strain gauges were placed 90o apart from each other along the circumference outside
the overlapping zone. Figure 2.1 shows a typical instrumented test specimen.
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LVDT
Compressometer

Strain
gauge

Fig. 2.1: Typical instrumented test specimens
2.8 Axial compression test
Axial compression test on the prepared specimens was conducted as per AS 1012.9-2014
[24]. A compression testing machine with a loading capacity of 5000 kN (1124044.7 lb)
was used for the test. A displacement controlled load at a rate of 0.2 mm/min (0.0078
in/min) was applied. All the LVDTs and strain gauges were connected to a data logging
system to record the readings continuously. Figure 2.2 shows the test setup.

Fig. 2.2: Test setup
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2.9 Results and discussion
Test results are tabulated in Table 2.4. Failure modes, stress-strain behavior, effect of type
of FRP on axial compressive strength, effect of number of FRP layers on compressive
strength, effect of FRP type on ultimate axial strain, effect of number of FRP layers on
ultimate axial strain of the specimens are discussed in the following sections.
Table 2.4: Test results of axial compression tests
Group

Specimen

ID

R

ID

𝒇𝒇′𝒄𝒄𝒄𝒄

(MPa)

Ɛ𝒄𝒄𝒄𝒄

(%)

𝒇𝒇′𝒄𝒄𝒄𝒄

(MPa)

Ɛ𝒄𝒄𝒄𝒄

(%)

Ɛ𝒉𝒉,𝒓𝒓𝒓𝒓𝒓𝒓
(%)

(MPa)

𝒇𝒇𝒄𝒄𝒄𝒄 ′⁄𝒇𝒇𝒄𝒄𝒄𝒄

𝒇𝒇𝒄𝒄𝒄𝒄 ′⁄𝒇𝒇𝒍𝒍

Ɛ𝒄𝒄𝒄𝒄 ⁄Ɛ𝒄𝒄𝒄𝒄

R-I

44.31

0.33

-

-

-

-

-

-

-

R-II

48.99

0.37

-

-

-

-

-

-

-

R-III

45.58

0.32

-

-

-

-

-

-

-

56.2

0.67

0.73

5.9

1.21

9.57

1.95

55.6

0.83

0.76

5.9

1.20

9.46

2.41

G-2-III

57.9

0.77

0.71

5.9

1.25

9.85

2.21

G-4-I

62.8

1.17

1.59

11.8

1.36

5.34

3.38

67.4

1.18

1.47

11.8

1.46

5.73

3.41

G-4-III

67.6

0.96

1.51

11.8

1.46

5.75

2.76

G-6-I

87.1

1.33

1.63

17.6

1.88

4.94

3.84

G-2-I
G-2

G-4

G-6

B-2

B-4

B-6

G-2-II

G-4-II

G-6-II

46.29

46.29

0.34

0.34

𝒇𝒇𝒍𝒍

90.2

1.30

1.69

17.6

1.95

5.12

3.75

G-6-III

85.8

1.16

1.61

17.6

1.85

4.86

3.35

B-2-I

57.0

1.18

1.72

10.3

1.23

5.52

3.40

B-2-II

46.29

0.34

54.3

0.94

1.69

10.3

1.17

5.26

2.72

B-2-III

55.1

1.18

1.71

10.3

1.19

5.34

3.42

B-4-I

79.6

1.72

1.44

20.7

1.72

3.85

4.95

80.2

1.30

1.47

20.7

1.73

3.88

3.75

B-4-III

84.5

1.50

1.70

20.7

1.82

4.09

4.32

B-6-I

106.7

2.27

1.81

31.0

2.30

3.44

6.55

113.2

2.47

1.91

31.0

2.45

3.65

7.13

112.1

2.49

1.76

31.0

2.42

3.62

7.19

B-4-II

B-6-II

46.29

46.29

46.29

B-6-III

0.34

0.34

0.34

Note: 1 MPa = 145.03 psi.
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2.9.1 Failure modes
Typical failure modes for all the groups of specimen tested are presented in Fig. 2.3.
Figure 2.3(a) shows the failure mode of unconfined or reference specimen. In the
unconfined GPC specimen, localized micro cracks were initiated and resulted in the
complete failure of the specimen at peak load. All the FRP confined GPC specimens
failed due to the rupture of FRP at the mid-height of the specimen with a loud noise. This
behavior is quite similar to the FRP confined OPC.

Fig. 2.3: Typical failure modes of all the groups
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Figure 2.3(b) to 2.3(g) shows the typical failure mode of the FRP confined GPC
specimens. For all the FRP confined GPC specimens, light cracking sounds were heard
before the complete rupture. Those light sounds were the indication of the localized
cracking of the FRP jacket and those localized cracks then led to the development of a
large crack with a loud noise. The duration of these slight noises was longer for the BFRP
confined specimens than the GFRP confined specimens.
2.9.2 Stress-strain behavior
Figure 2.4 and 2.5 shows the axial stress-strain behavior of all the specimens confined
with GFRP and BFRP, respectively. Typical axial stress-axial strain behavior of
unconfined or reference specimen is also shown in both the figures for comparison.

Note: 1 MPa = 145.03 psi
Fig. 2.4: Axial and lateral stress-strain response of GFRP confined GPC specimens.
It can be observed that except Group G-2 and B-2, all the GFRP and BFRP confined
specimens showed a strain hardening response. This is due to the lower confinement
pressures of Group G-2 and B-2.
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Note: 1 MPa = 145.03 psi
Fig. 2.5: Axial and lateral stress-strain response of BFRP confined GPC specimens
Figure 2.6 shows the comparison of stress-strain curves of Groups G-6 and B-6. It can be
observed that both Groups G-6 and B-6 shows a bilinear strain hardening response.

Note: 1 MPa = 145.03 psi
Fig. 2.6: Stress-strain curves of Groups G-6 and B-6
36

There are two distinct regions of the stress-strain curve: first non-linear region based on
the modulus of elasticity of the GPC and second linear region based on FRP confinement
effectiveness. There is a transition region between the two regions and can be defined as
the region where the curve changes the slope. Figure 2.6 also shows that both the groups
i.e. G-6 and B-6 have the same slope of the first region and a similar transition region.
The slope of the second region is also similar for both the groups but the peak points are
different. Group G-6 showed lower peak strength and ultimate strain than Group B-6.
This is due to the lower tensile strength and rupture strain of the GFRP as compared to
the BFRP.
Figure 2.7 shows the comparison of stress-strain curves of Groups G-4 and B-4. It can be
observed that the stress-strain curves of both the groups showed three regions. The first
non-linear region is similar to that of Groups G-6 and B-6. After that, there is a transition
region where the axial strain increased but the strength increase was not observed. For
some of the specimens, the stress even decreased in this region. This can be due to the
disintegration of the confined GPC and readjustment of stresses between the GPC and the
external FRP confinement. In the third region of stress-strain curves, the slope of the
curve increased as compared to the second region and stress increase is observed with the
increase in strain. In this region, the FRP confinement became active and successfully
confined the GPC till the rupture of FRP.
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Note: 1 MPa = 145.03 psi
Fig. 2.7: Stress-strain curves of Groups G-4 and B-4
Figure 2.8 shows the comparison of stress-strain curves of Groups G-2 and B-2. It can be
observed that both the groups resulted in stress-strain curves with strain softening
response. The latter can be defined as the response of the stress-strain curve where the
ultimate stress of FRP confined concrete is lower than the peak stress of FRP confined
concrete. There are three regions of the stress strain curves of both the groups: (1) first
non-linear region based on the modulus of elasticity of GPC; (2) second transition region,
where the peak stress of the FRP confined GPC is observed and after that the stress
decreased; (3) third region after the transition region where the stress is approximately
constant or experienced a slight decrease with increase in strain till the rupture point of
FRP.

38

Note: 1 MPa = 145.03 psi
Fig. 2.8: Stress-strain curves of Groups G-2 and B-2
Typical behavior of the stress-strain curve for the presented results is similar to the FRP
confined OPC. Major difference observed is the transition stress after the first region. The
transition stress can be defined as the stress at which the slope of the curve starts to change
significantly. The approximate transition stress locations for all the curves were
highlighted in Figs. 2.6, 2.7 and 2.8. In FRP confined OPC, the transition stress occurs
approximately near the peak stress of unconfined concrete. However, in the present study
it is observed that in FRP confined GPC, this transition stress is higher than unconfined
GPC strength. Similar stress-strain behavior was observed by Oliveira et al. [25] for FRP
confined high strength OPC. This shows that the stress-strain behavior of the FRP
confined normal strength GPC is similar to the FRP confined high strength OPC. Also,
Lokuge and Karunasena [14] observed that the stress-strain behavior of FRP confined
GPC was similar to the FRP confined high strength OPC. This phenomenon was not
observed for the geopolymer concrete filled FRP tubes as reported by Ozbakkaloglu and
Xie [15]. This difference in the behavior is believed to be at least partially due to the
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unconfined geopolymer concrete strength. The strength of the GPC reported in
Ozbakkaloglu and Xie [15] was approximately 25 MPa (3625 psi) and the compressive
strength of the GPC used in this study is in the range of 44 to 49 MPa (6381 to 7106 psi).
2.9.3 Effect of type of FRP on compressive strength
Both the types of FRP used in the study resulted in the increase of the compressive
strength of the GPC. Figure 2.9 shows the strength enhancement in terms of fcc’/fco’. Terms
fcc’ and fco’ are the peak compressive stress of confined GPC and unconfined GPC
respectively. It can be observed that Group B-2 resulted in the least strength enhancement
and Group B-6 resulted in the highest strength enhancement.

Fig. 2.9: Confinement effectiveness of test specimens
Groups G-2 and B-2 resulted in 22% and 19% average increase in GPC strength
respectively. Despite of the lower confinement pressure, Group G-2 resulted in higher
increase as compared to Group B-2. This can be due to the scatter of the test results.
Groups G-4 and B-4 resulted in 42% and 75% average increase in GPC strength
respectively. Groups G-6 and B-6 resulted in 89% and 139% average increase in GPC
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strength respectively. This can be due to the higher elastic modulus and rupture strain of
BFRP than GFRP.
Term fla is known as the actual maximum confinement pressure provided by the FRP and
can be determined using Eq. (1.1). The maximum confinement pressure fl can be
determined by replacing the hoop rupture strain of FRP in Eq. (1.1) with the ultimate
tensile strain of FRP in coupon test.

where

𝑓𝑓𝑙𝑙𝑙𝑙 =

2𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡Ɛℎ,𝑎𝑎𝑎𝑎𝑎𝑎
𝐷𝐷

(1.1)

𝑓𝑓𝑙𝑙𝑙𝑙 = Actual maximum confinement pressure

𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 = Modulus of elasticity of FRP
𝑡𝑡 = Thickness of FRP

Ɛℎ,𝑎𝑎𝑎𝑎𝑎𝑎 = Average hoop rupture strain of FRP
D = Diameter of the specimen

Figure 2.10 shows the confinement effectiveness in relation to the confinement pressure
(fcc’-fco)/fla for all the specimen. It can be observed that despite the fact that Group B-2 has
higher confinement pressure (fla), the strength enhancement is more in Group G-2. The
groups with more number of layers i.e. higher confinement pressure (fla) shows the
opposite behavior. It can be observed from Fig. 2.10 that the Groups B-4 and B-6 showed
the higher confinement effectiveness than Groups G-4 and G-6 respectively. This is an
indication that leads to the observation that BFRP confinement on geopolymer concrete
resulted in a higher strength enhancement than the GFRP confinement, which might be
attributed to the higher modulus of elasticity and rupture strain of BFRP than GFRP.
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Fig. 2.10: Confinement effectiveness in comparison with the confinement pressure for
the tested specimens
2.9.4 Effect of number of FRP layers on compressive strength
Generally, the increase in number of layers of FRP confinement on concrete increases the
compressive strength. The same was observed for FRP confinement on GPC. Average
compressive strength of Groups G-4 and G-6 is 16% and 54% higher than Group G-2.
Similarly, average compressive strength of Groups B-4 and B-6 is 46% and 99% higher
than Group B-2. This shows that the increase in compressive strength with the number of
FRP layers is more pronounced for BFRP confinement on GPC than GFRP confinement
on GPC. This can be due to the higher tensile strength and rupture strain of BFRP as
compared to GFRP.
2.9.5 Effect of FRP type on ultimate axial strain
Both GFRP and BFRP confinement resulted in the increase in ultimate axial compressive
strain of FRP confined GPC than the unconfined GPC. Strain enhancement ratio (Ɛcu/Ɛco),
42

which is defined as the ratio of ultimate strain of FRP confined GPC (Ɛcu) to the strain of
unconfined GPC at peak stress (Ɛco), is plotted in Fig. 2.11 for all the specimens.

Fig. 2.11: Axial strain enhancement of the tested specimens
It can be observed that Group G-2 resulted in the least strain enhancement and Group B6 resulted in the highest strain enhancement. This observation can be supported by the
fact that the BFRP has higher rupture strain than GFRP which leads to the delay in the
FRP jacket rupture and enhancement of axial strain. The hoop rupture strains of the FRP
confined GPC are lower than their ultimate tensile rupture strain. According to ACI
440.2R [26], this is due to the existence of a multiaxial stress state in case of FRP confined
concrete as compared to the FRP coupon tensile test.
Groups G-2 and B-2 resulted in 119% and 218% average increase in average strain at
peak stress of unconfined GPC respectively. Similarly, Groups G-4, B-4, G-6 and B-6
resulted in 218%, 334%, 264% and 595% increase in average strain at peak stress of
unconfined GPC, respectively. It can be observed that Group B-4 shows the higher strain
enhancement than Group G-6. This shows that BFRP confinement is more effective in
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increasing the ultimate axial strain of the FRP confined GPC than the GFRP confinement.
This can be due to the higher rupture strain of BFRP than GFRP.
2.9.6 Effect of number of FRP layers on ultimate axial strain
Average ultimate axial strains of Groups G-4 and G-6 are 45% and 66% higher than the
average ultimate axial strain of Group G-2. Similarly, average ultimate axial strains of
Groups B-4 and B-6 are 36% and 118% higher than the average ultimate axial strain of
Group B-2. This shows that the increase in strain enhancement with the increase in the
number of FRP layers is more pronounced in case of BFRP confinement on GPC than the
GFRP confinement on GPC.
2.10 Comparison with the existing confinement models of FRP confined normal
concrete
2.10.1 Peak axial compressive stress
Several stress-strain models have been proposed for FRP confined normal concrete [2628]. Most of the proposed models are capable to predict the ultimate conditions of the
FRP confined normal concrete. In this part of the study, the experimental test results for
peak compressive stress of FRP confined GPC were compared with the existing models
for FRP confined OPC, as shown in Table 2.5.
The average absolute error (AAE) was also calculated and tabulated in Table 2.5 for each
model. A comparison of prediction accuracy of peak axial compressive stress with each
confinement model is shown in Fig. 2.12(a). It can be observed that among all the tested
models, Youssef et al. [28] is the best performing model for the prediction of peak axial
compressive stress of FRP confined GPC. Also, Berthet et al. [29] is the least accurate
among all the tested models.
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Table 2.5: Comparison of predicted peak axial compressive stress by existing models with experimental
Ratio of predicted and observed fcc’ by existing confinement models for FRP confined normal concrete

Group

Specimen

Experimental
fcc’
(MPa)

G-2

G-2-I

56

1.09

1.17

1.05

0.97

1.03

0.98

1.07

0.95

0.89

1.08

G-2-II

56

1.10

1.18

1.07

0.99

1.04

0.99

1.09

0.96

0.91

1.10

G-2-III

58

1.06

1.14

1.02

0.94

1.00

0.94

1.04

0.92

0.87

1.05

G-4-I

63

1.17

1.24

1.15

1.31

1.11

1.33

1.19

1.01

1.02

1.18

G-4-II

67

1.09

1.16

1.07

1.18

1.04

1.20

1.10

0.94

0.93

1.10

G-4-III

68

1.09

1.16

1.07

1.19

1.03

1.21

1.10

0.94

0.93

1.10

G-6-I

87

0.98

1.02

0.98

1.16

0.94

1.19

1.02

0.85

0.84

1.00

G-6-II

90

0.95

0.98

0.94

1.15

0.90

1.18

0.98

0.82

0.82

0.97

G-6-III

86

0.99

1.03

0.99

1.17

0.95

1.20

1.03

0.87

0.85

1.02

B-2-I

57

1.24

1.32

1.21

1.23

1.18

1.25

1.25

1.06

1.02

1.25

B-2-II

54

1.30

1.38

1.27

1.28

1.23

1.30

1.31

1.11

1.06

1.31

B-2-III

55

1.28

1.36

1.25

1.27

1.21

1.29

1.29

1.10

1.05

1.29

B-4-I

80

1.14

1.17

1.15

1.08

1.10

1.11

1.20

1.00

0.83

1.18

B-4-II

80

1.13

1.16

1.14

1.08

1.09

1.11

1.19

1.00

0.82

1.17

B-4-III

84

1.07

1.10

1.08

1.11

1.04

1.13

1.13

0.95

0.82

1.11

B-6-I

107

1.02

1.01

1.07

1.14

1.01

1.17

1.13

0.96

0.78

1.09

B-6-II

113

0.96

0.96

1.00

1.11

0.96

1.14

1.06

0.90

0.75

1.03

B-6-III

112

0.97

0.97

1.01

1.06

0.97

1.09

1.07

0.91

0.73

1.04

1.09

1.14

1.08

1.13

1.05

1.16

1.13

0.96

0.88

1.12

G-4

G-6

B-2

B-4

B-6

Average

Karbhari
and Gao32

Samaan
et al.33

Cheng
et al.34

Lam
and
Teng27

Wu
et
al.35

Berthet
et al.29

Tamuzs
et al.36

Youssef
et al.28

Benzaid
et al.37

Wei
and
Wu38

Note: 1 MPa = 145.03 psi
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(a)

(b)
Fig. 2.12: Comparison of Average absolute error in the prediction of existing
confinement models for (a) Peak axial compressive stress and (b) Axial compressive
strain at peak stress
2.10.2 Axial strain at peak compressive stress
Models for FRP confined normal concrete also provide the prediction of axial strain at
peak compressive stress. The experimental test results for axial strain at peak compressive
stress of FRP confined GPC were compared with the existing models for FRP confined
normal concrete. Table 2.6 shows the comparison of experimental axial strain at peak
compressive stress for FRP confined GPC with the values of the same as predicted by
different existing confinement models for FRP confined normal concrete.
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Table 2.6: Comparison of predicted peak axial strain by existing models with
experimental

Group

G-2

G-4

G-6

B-2

B-4

B-6

Specimen

Experimental
Ɛcc’
(%)

G-2-I

Predicted Ɛcc’ by existing confinement models for
FRP confined normal concrete (%)
Samaan
et al.33

Lam
and
Teng27

Wu
et
al.35

Youssef
et al.28

Benzaid
et al.37

0.67

1.00

0.82

0.79

0.72

0.83

G-2-II

0.83

0.92

0.83

0.79

0.72

0.84

G-2-III

0.77

1.22

0.81

0.79

0.72

0.83

G-4-I

1.17

1.24

1.53

1.24

1.10

1.31

G-4-II

1.18

1.70

1.46

1.24

1.10

1.26

G-4-III

0.96

1.71

1.48

1.24

1.10

1.28

G-6-I

1.33

2.83

2.03

1.62

1.48

1.64

G-6-II

1.30

3.08

2.08

1.62

1.48

1.68

G-6-III

1.16

2.72

2.01

1.62

1.48

1.63

B-2-I

1.18

0.85

1.33

1.63

1.12

1.10

B-2-II

0.94

0.52

1.32

1.63

1.12

1.10

B-2-III

1.18

0.62

1.32

1.63

1.12

1.10

B-4-I

1.72

2.38

1.81

2.58

1.90

1.38

B-4-II

1.30

2.44

1.84

2.58

1.90

1.39

B-4-III

1.50

2.83

2.03

2.58

1.90

1.50

B-6-I

2.27

3.61

2.88

3.37

2.69

1.99

B-6-II

2.47

4.25

2.89

3.26

2.57

1.99

B-6-III

2.49

4.00

2.82

3.37

2.69

1.95

77

36

39

16

19

Average Absolute Error (%)

A comparison of prediction accuracy of axial strain at peak compressive stress with each
confinement model is shown in Fig. 2.12(b). It can be observed that among all the tested
models Youssef et al. [28] is the best performing model for the prediction of axial strain
at peak compressive stress of FRP confined GPC.
2.10.3 Lateral strain-axial strain curves
Lateral strain-axial strain relationship is an important parameter in the analysis oriented
confinement models [30]. Figure 2.13 shows the experimental lateral strain-axial strain
curves of the tested specimens. The experimental curves were compared with the lateral
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strain-axial strain curves predicted for each group by Jiang and Teng [31] for FRP
confined OPC. Jiang and Teng [31] presented the Eq. (1.2) as the lateral strain-axial strain
relationship for FRP confined OPC.
−Ɛ𝑙𝑙
Ɛ𝑐𝑐
ơ𝑙𝑙
𝛷𝛷 �
�=
��1 + 8
�
Ɛ𝑐𝑐𝑐𝑐
Ɛ𝑐𝑐𝑐𝑐
𝑓𝑓𝑐𝑐𝑐𝑐 ′

where

−Ɛ𝑙𝑙 0.7
−Ɛ𝑙𝑙
= 0.85 ��1 + 0.75 �
�� − 𝑒𝑒𝑒𝑒𝑒𝑒 �−7 �
���
Ɛ𝑐𝑐𝑐𝑐
Ɛ𝑐𝑐𝑐𝑐

(1.2)

Ɛ𝑐𝑐 = Strain of confined concrete at any particular confinement pressure
Ɛ𝑐𝑐𝑐𝑐 = Strain at peak stress of unconfined concrete

Ɛ𝑙𝑙 = Lateral strain = −Ɛℎ

𝑓𝑓′𝑐𝑐𝑐𝑐 = Peak stress of unconfined concrete
ơ𝑙𝑙 = Lateral confinement pressure =

𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 = Modulus of elasticity of FRP

𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡Ɛℎ
𝑅𝑅

𝑡𝑡 = Thickness of FRP

Ɛℎ = Hoop strain of FRP in confined concrete

𝑅𝑅 = Radius of concrete specimen

It can be observed form the Fig. 2.13 that the prediction accuracy of the relationship
proposed by Jiang and Teng [31] is higher for the groups with lower confinement pressure
than the other groups of same FRP type.
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(a)

(d)

(b)

(e)

(c)

(f)

Fig. 2.13: Comparison of experimental and model predicted lateral strain-axial strain
curves of Groups (a) G-6, (b) G-4, (c) G-2, (d) B-6, (e) B-4 and (f) B-2
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2.10.4 Stress-strain curves
Stress-strain curves for FRP confined normal concrete can be predicted with the existing
confinement models available. It should be noted that, currently there is no confinement
model available to predict the stress-strain curve of FRP confined GPC. Models proposed
for the FRP confined normal concrete were used to predict the stress-strain curves of FRP
confined GPC in this study.
The predicted stress-strain curves were compared with the experimental stress-strain
curves to determine the applicability of existing confinement models for FRP confined
OPC to the FRP confined GPC. From Fig. 2.12, it can be observed that Youssef et al. [28]
is the best performing confinement model among all the tested models with least average
absolute error in the prediction of ultimate conditions of FRP confined GPC. Therefore,
stress-strain behavior of FRP confined GPC predicted by Youssef et al. [28] was
compared with the experimental stress-strain curve. Also, an analysis oriented model
proposed by Jiang and Teng [31] for FRP confined OPC was selected to compare the
experimental stress-strain curves.
Figure 2.14 shows the comparison of experimental stress-strain curves for FRP confined
GPC with the stress-strain curves predicted by the Youssef et al. [28] and Jiang and Teng
[31]. It can be observed that the stress-strain curves predicted by the existing models are
close to the experimental stress-strain curves for the specimens with low confinement
pressure. For the specimens with higher confinement pressure, the existing models are
unable to predict the behavior of FRP confined GPC. Also it can be observed again that
the stress-strain curves of FRP confined GPC concrete exhibited a higher transition stress.
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(a)

(d)

(b)

(e)

(c)

(f)

Fig. 2.14: Comparison of experimental and model predicted axial stress-strain curves of
Groups (a) G-6, (b) G-4, (c) G-2, (d) B-6, (e) B-4 and (f) B-2
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It can be observed that confinement model proposed by Youssef et al. [28] is capable to
predict the ultimate conditions of the FRP confined GPC to a better extent than the model
proposed by Jiang and Teng [31]. Validation of this fact cannot be performed as there is
no database related to FRP confined GPC with an unconfined GPC strength in the range
of 40-50 MPa (5800-7250 psi) available.
2.11 Conclusions
Following conclusions are drawn based on the results and discussion:
1. Same number of layers of BFRP confinement on GPC resulted in higher peak stress
and strain than GFRP confinement. This is due to the higher mechanical properties and
thickness of the BFRP. However, the increase in peak compressive stress with respect
to the confinement pressure was higher for BFRP confinement than GFRP
confinement on GPC.
2. Basalt fiber reinforced polymer confinement is superior than GFRP confinement as it
is based on a natural mineral fiber and has better mechanical properties than GFRP.
Therefore, BFRP confined GPC is presented as a proposed solution to the
sustainability challenges in construction industry.
3. Fiber reinforced polymer confined GPC stress-strain behavior is different than the FRP
confined OPC. A higher transition stress can be observed in FRP confined GPC.
4. Existing confinement models for FRP confined OPC may be used to predict the peak
axial stress and strain at peak stress but are unable to accurately predict the stress-strain
behavior of FRP confined GPC.
Further research needs to be conducted on the development of a confinement model for
FRP confined geopolymer concrete.
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Preamble
The introduction of sustainable column types with comparable performance is required
for a sustainable construction industry. This chapter proposes a new sustainable column
type. In the proposed column, the ordinary Portland cement concrete (OPC) was replaced
with geopolymer concrete (GPC) to address the sustainability issues of the OPC. The steel
reinforcement in the column was replaced with the basalt fiber reinforced polymer
(BFRP) bars to avoid corrosion. Also, the steel helix was replaced with the external BFRP
tube to provide ease of construction, avoid corrosion and improve the structural
performance.
This chapter presents the experimental test results of four steel reinforced OPC
specimens, four steel reinforced GPC specimens, four BFRP reinforced OPC filled BFRP
tube specimens and four BFRP reinforced GPC filled BFRP tube specimens. The size of
the specimens was 200 mm diameter and 800 mm height. The size of the specimen was
selected so that the columns may be categorized as short columns. The difference in the
structural behavior in terms of load carrying capacity, ductility and moment capacity were
investigated. The details regarding the approach used to calculate the ductility and the
deformations have been provided in Section 4.7 of the thesis. Also experimental loadmoment interaction curves are presented in detail in the enclosed chapter. The research
findings have been published in the Proceedings of the Institution of Civil Engineers –
Structures and Buildings, and is enclosed in this chapter.
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3.1 Abstract
An experimental investigation was carried out on a novel type of concrete-filled tube
column, which used geopolymer concrete and basalt-fibre-reinforced-polymer
reinforcing bars and confinement tube. Geopolymer concrete was used in place of
ordinary Portland cement concrete to counter the sustainability challenges of
conventional cement manufacture. Longitudinal basalt-fibre-reinforced-polymer bars
were used to replace steel reinforcement to avoid corrosion, while basalt-fibre-reinforcedpolymer tube confinement was used to replace the conventionally used steel helix to
enhance strength and ductility. Compressive load–deformation behaviour of 200 mm dia.,
800 mm high specimens under concentric, 25 mm eccentric, 50 mm eccentric and fourpoint bending loads was experimentally investigated. Experimental axial load–bending
moment diagrams were then produced. Although geopolymer concrete is normally
considered to be more brittle than Portland cement concrete, the test results showed that
the specimens with geopolymer concrete were more ductile compared to those with
Portland cement concrete. It was also found that increased load eccentricity resulted in
ductility enhancement in specimens with both types of concrete with basalt-fibrereinforced-polymer bars and tubes, while steel-reinforced specimens suffered loss of
ductility with increased load eccentricity.
3.2 Introduction
Sustainability challenges are governing the research orientation in today’s world. Carbon
dioxide emission is considered to be a threat and a main driver of global warming and
climate change. Concrete is an ancient and reliable material used for infrastructure
construction. The volume of concrete used in the world exceeds 10 Gt per year [1].
Portland cement is one of the main constituents of concrete. The production of Portland
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cement results in the emission of carbon dioxide. These emissions are estimated to be 5–
7% of total carbon dioxide emissions [2, 3]. To reduce the carbon dioxide footprint of
infrastructure development, a green concrete termed ‘geopolymer concrete’ (GPC) was
developed by Davidovits [4]. GPC eliminates the use of Portland cement for concrete
production. It has been estimated that GPC results in at least 80% lower carbon dioxide
production compared to ordinary Portland cement concrete (OPC) [5]. GPC is a type of
concrete that uses alkali activator and binders to form a rapidhardening structural
material. In addition, GPC uses industrial wastes such as fly ash (FA) and slag as binders
[6]. Currently most of the research in this field is directed towards the use of GPC in
structural members [7-11].
Fibre-reinforced-polymer (FRP) reinforcement is considered to be a suitable replacement
of steel reinforcement because of its lightweight nature and excellent corrosion resistance,
as well as its higher tensile strength and lower electromagnetic interference when
compared to steel reinforcement [12]. Steel is prone to degradation through corrosion
with time. This may result in a reduction in the strength, durability and service life of
steel-reinforced structures [13]. The reduction in service life increases the maintenance
cost, which in turn counters the initial cost saving of the steel reinforcement as compared
to the FRP reinforcement.
Basalt fibre is considered to be a sustainable material as it is based on natural mineral
fibres. Basalt is a natural mineral that is found in the volcanic rocks. The manufacturing
process of basalt fibres is very similar to that of glass fibres, but the energy requirements
and additive requirements are less than in the glass fibre manufacturing process [14]. Also
basalt fibres have good thermal and chemical stability, they are non-combustible and have
better alkali resistance when compared to glass fibres [15]. Like glass, carbon and other
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fibres, basalt fibres are also used to manufacture basalt-FRP (BFRP) bars. Most of the
studies related to BFRP bars are focused on the bond performance and durability
evaluation of the bars [16-18]. The studies related to reinforcement using BFRP bars in
structural concrete members have mostly been limited to flexural members or beams [1921].
Only a few studies [22, 23] have been conducted to date to evaluate the performance of
BFRP bars as a longitudinal reinforcement in columns. Salah-Eldin et al. [23] investigated
the axial–flexural performance of high-strength concrete columns reinforced with BFRP
bars and ties under different load eccentricity-to-depth ratios. It was concluded that the
behaviour of BFRP-reinforced high-strength concrete is closely similar to steelreinforced high-strength concrete columns. An experimental study was carried out by Fan
and Zhang [22] to study the behaviour of BFRP-bar-reinforced inorganic polymer
concrete (IPC) columns under eccentric compression. A steel-reinforced OPC column
was also cast and tested for comparison. It was observed that, under eccentric loading,
BFRP-reinforced IPC columns resulted in 30% lower load-carrying capacity as compared
to the steel-reinforced OPC column. It was also observed that the BFRP-reinforced IPC
column showed 65% and 15% higher ultimate displacement for large and small
eccentricities, respectively, as compared to the steel-reinforced OPC column.
The concrete filled FRP tube (CFFT) has emerged as an attractive construction technique
in the last two decades [24]. It offers left-in-place formwork, easy construction, higher
strength and higher ductility as compared to a steel or FRP helix [25, 26]. The CFFT
results in the full utilisation of the material strengths, as it confines the concrete core fully.
The CFFT is more useful in cases where the nature of the concrete is brittle. The FRP
tube is more durable, has better corrosion resistance and has smaller axial stiffness as
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compared to steel tube and thus does not suffer from the steel buckling problems. GPC
and highstrength OPC are considered as brittle concrete types [27, 28]. Research in the
field of CFFT is mostly focused on normal or high-strength OPC. Some researchers have
studied the behaviour of FRP confined GPC [29, 30]. The only study on GPC filled FRP
tubes was conducted by Ozbakkaloglu and Xie [31].
Ozbakkaloglu and Xie [31] studied the behaviour of GPC filled circular and square FRP
tube specimens (GPCFFT). OPC filled FRP tube specimens (OPCFFT) were also tested
for comparison purpose. The specimens were tested under concentric axial compression.
The parameters considered were the type of concrete (i.e. OPC or GPC), number of layers
of FRP (i.e. one or two), FRP tube material (i.e. BFRP, glass-FRP (GFRP) or carbon-FRP
(CFRP)) and shape of the specimen (i.e. circular or square). It was observed that the
strength enhancement and failure mode were similar for both OPCFFT and GPCFFT. An
increase in the number of layers of FRP increased the compressive strength and the
ultimate strain in both the OPCFFT and the GPCFFT. It was also observed that the GFRP
tube resulted in higher ultimate axial strains as compared to the BFRP and CFRP tubes.
Square specimens resulted in a lower strength and strain enhancement when compared to
the circular specimens. The study was conducted on small cylinders of 152.5 mm dia. and
305 mm high, and was focused on the GPCFFT specimens without any internal
reinforcement.
The FRP-reinforced concrete filled FRP tube column (CFFT) is a new type of structural
member. Only limited studies can be found in the literature on this topic [32-35]. Hadi et
al. [34] studied the behaviour of FRP-reinforced CFFT under different loading conditions.
The type of FRP bars and tube used were GFRP and CFRP. It was observed that the FRPreinforced CFFT resulted in higher axial loads, flexural loads and deformations at peak
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load as compared to the unreinforced CFFT and steel-reinforced concrete reference
columns. Ahmed et al. [33] studied the behaviour of GFRP, CFRP and steel-reinforced
CFFT long columns. The columns were tested under both monotonic and cyclic axial
loads. It was observed that the ultimate axial strength and strain capacity of the GFRPreinforced CFFT were comparable to the steelreinforced CFFT columns.
Another study on FRP-reinforced CFFT was conducted by Abdallah et al. [32]. The
behaviour of CFFT columns reinforced with steel and CFRP bars was studied. The test
parameters were the slenderness ratio, type of longitudinal reinforcement, type of
transverse reinforcement and tube thickness. It was observed that the CFRP-reinforced
CFFT columns resulted in a lower peak axial load as compared to the steel-reinforced
CFFT at low slenderness ratios. As the slenderness ratio of the columns increased, the
peak axial loads resisted by the CFRP-reinforced CFFT became equal to the load resisted
by the steel-reinforced CFFT. It was also observed that the use of FRP tube in place of
the steel helix resulted in higher deformations at peak load and thus resulted in an increase
in ductility of the columns.
The current paper presents a new structural member to replace the normal steel-reinforced
concrete column. In this paper an experimental study of BFRP-reinforced GPC filled
BFRP tube column under different loading conditions is presented. The test variables
considered were the type of concrete (GPC and OPC), type of longitudinal reinforcement
(steel and BFRP bars) and type of transverse reinforcement (internal steel helix and
external BFRP tube).
The proposed column is a feasible column in terms of material availability, cost and
environmental impact. The manufacture of BFRP bars and tubes is a new and expanding
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field, as it offers a comparable cost and added advantage of lower environmental impacts
compared with the manufacture of GFRP bars and tubes [36]. Also, GPC offers a
reduction in carbon dioxide emissions as it does not involve cement and it utilises
industrial wastes such as FA and slag [6].
3.3 Materials
3.3.1 Geopolymer concrete
Ambient cured GPC with an average compressive strength of 51.5 MPa at 28 days was
prepared in the laboratory under standard laboratory conditions. A mix design was
prepared after trial testing based on the mix design proposed by Hadi et al. [37]. The mix
design prepared following the trials is shown in Table 3.1.
Ground granulated blast-furnace slag (GGBFS) and FA were used as binders in the GPC
mix. Total binder content was based on 40% GGBFS and 60% FA. The GGBFS and FA
were provided by the Australasian Slag Association [38] and Boral Australia [39] for this
study. A mixture of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) in the mass
ratio of 1 : 2.5 was used as the alkaline solution to activate the geopolymerisation process.
The molarity of the sodium hydroxide solution used was 14 M.
Coarse aggregates with a maximum size of 10 mm were used. Coarse river sand was used
as fine aggregates. Superplasticiser was used to enhance the workability of the mix. The
superplasticiser MasterGlenium SKY 8700 was provided by BASF Australia [40] for this
study.
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Table 3.1: Mix proportions of geopolymer concrete

Material
FA

Quantity
(kg/m3)
270

GGBFS

180

Coarse Aggregates

1294

Sand

552

14 M NaOH solution

45

Na2SiO3

113

Water

92

Superplasticizer

35

3.3.2 Basalt-fibre-reinforced-polymer longitudinal reinforcement
Basalt-fibre-reinforced-polymer bars of 15 mm dia. were provided by Domeshells
Australia Pty Ltd [41]. The BFRP bars were tested under tensile loads as per ASTM
D7205/D7205M-11 [42]. Five specimens were tested. The total length of the bar
specimen was 1600 mm with 460 mm long steel anchors at each end as shown in Figure
3.1. The test specimens were tested in the 500 kN Instron Universal testing machine. The
average tensile strength, tensile modulus of elasticity and peak tensile strain at failure of
the BFRP bar were 778 MPa, 34.3 GPa and 2.53%, respectively. The reported values of
tensile strength and modulus of elasticity of BFRP bar are lower than the values found in
a recent study [19]. The value of tensile strength of BFRP bars is quite close to the value
reported by ReyesAraiza et al. [43]. Similarly, the average modulus of elasticity value is
close to the values reported by Wang et al. [44] and Lin & Zhang [45]. The ACI code
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[46] provides the typical value ranges for GFRP, AFRP (Aramid FRP) and CFRP but
does not provide guidance about the BFRP bar value ranges.

Fig. 3.1: Tensile test specimen of BFRP bar
Currently, there is no test standard for testing any type of FRP bars, including BFRP bars,
in compression. Hadi et al. [34], Salah-Eldin et al. [23] and Xue et al. [47] used ASTM
D695-15 [48] for testing GFRP, CFRP and BFRP bars in compression. In order to be able
to compare with test results of others, the same ASTM D695-15 [48] was adopted in this
study to test the compressive strength of BFRP bars. Test specimens of 60 mm (4 times
bar diameter) length were cut and tested under compression in the 500 kN Instron
Universal testing machine as shown in Figure 3.2.
The test was conducted at a displacement controlled rate of loading of 1.3 mm/min. The
average compressive strength of the tested BFRP bars was 517 MPa. It is apparent from
the test results that the compressive strength of BFRP bar is almost 66% of its tensile
strength. A similar observation was made by Hadi et al. [34] for GFRP bar which showed
the compressive strength was 60% of its tensile strength. This shows that the relationship
of compressive strength and tensile strength of BFRP bar is quite similar to the GFRP
bar.
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Fig. 3.2: Test sample and setup for compression test of BFRP bar
3.3.3 BFRP tube
A BFRP tube of 200 mm internal diameter and 1.5 mm wall thickness was used in this
study. As per the data provided by the manufacturer, the winding angle of the basalt fibres
in the tube was ± 78° to the longitudinal direction of the tube. The fibre volume fraction
was 49 ± 1.2%. The tensile properties of the tube were determined through the hoop split
disc test, as recommended by ASTM D2290-08 [49]. The tube was cut into 35 mm wide
pieces. A circular notch of 8 mm radius was provided at both sides of the test specimen,
180° apart. Strain gauges with a gauge length of 20 mm were installed on both the reduced
areas to measure the hoop strain. The test set-up is shown in Figure 3.3. The test was
performed with a rate of loading of 2 mm/min using the 500 kN Instron Universal testing
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machine. The average tensile strength, rupture strain and elastic modulus at failure of the
BFRP tube in the circumferential direction were 754 MPa, 1.78% and 42.3 GPa,
respectively.

Fig. 3.3: Test setup for hoop tensile test of BFRP tube sample
To measure the tensile strength of the tube in the longitudinal direction, 25 mm wide and
250 mm long test coupons were cut from the tube. Aluminium tabs were attached at both
ends to grip the specimen in the jaws of the test machine. A strain camera was used to
record the strain of the FRP test specimen. A strain gauge with 20 mm gauge length was
also installed at the centre of the back side of the specimen for averaging the test results.
The tensile test was conducted as per ASTM D3039/D3039M-14 [50]. The test set-up is
shown in Figure 3.4.
70

Fig. 3.4: Test setup for tensile test of BFRP tube in longitudinal direction
The average tensile strength of the BFRP tube in the longitudinal direction was 11.8 MPa.
It can be observed that the tensile strength of the tube in the longitudinal direction is just
1.6% of the tensile strength in the circumferential direction, as most of the fibres are
oriented close to the circumferential direction.
3.3.4 Steel reinforcement
Deformed steel bars N12 were used as longitudinal steel bars and round R10 bars were
used in the preparation of the steel helix with 60 mm pitch. Tensile tests of the N12 and
R10 bars were conducted in the laboratory. The average tensile strength of the N12 and
R10 steel bars was 650 MPa and 500 MPa, respectively.
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3.3.5 Ordinary Portland cement concrete
Ready-mix concrete with average compressive strength of 39 MPa at 28 days was
procured and poured in the laboratory conditions. The ready-mix concrete was supplied
in a truck mixer.
3.4 Design and labelling of specimens
Sixteen specimens of 200 mm dia. and 800 mm high were cast and tested. Table 3.2 shows
the test matrix for this study. The specimens tested in this study were classified into four
groups. Each group comprises four specimens. The first specimen of each group was
tested under concentric load. The second and the third specimens of each group were
tested under eccentric loading of 25 mm and 50 mm, respectively. The fourth specimen
of each group was tested under flexural load as a beam. The cross-sectional configuration
of each group is shown in Figure 3.5. The first group (SSO) was considered as a reference
group. This group was reinforced with six N12 longitudinal steel bars and an R10 steel
helix with 60 mm pitch. The type of concrete used in this group was OPC. The
reinforcement material and configuration used in the second group (SSG) was the same
as that of the first group but the concrete used was GPC. The third group (BBO) consisted
of BFRP reinforced OPC filled BFRP tube specimens. This group was reinforced
longitudinally with six 15 mm dia. BFRP bars.
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Table 3.2: Test matrix
Group
designation

SSO

SSG

BBO

BBG

Specimen
designation
SSO-0
SSO-25
SSO-50

Slenderness
ratio

16

Internal
diameter
(mm)

200

Height
(mm)

800

Lateral
confinement

Steel helix

Longitudinal
reinforcement

Steel bars

Concrete
type

OPC

Loading
eccentricity
0
25
50

SSO-F

Flexure

SSG-0

0

SSG-25

25

SSG-50

16

200

800

Steel helix

Steel bars

GPC

50

SSG-F

Flexure

BBO-0

0

BBO-25

25

BBO-50

16

200

800

BFRP tube

BFRP bars

OPC

50

BBO-F

Flexure

BBG-0

0

BBG-25
BBG-50

16

200

800

BBG-F

BFRP tube

BFRP bars

GPC

25
50
Flexure
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The bars were placed such that a 20 mm concrete cover was maintained. The
reinforcement, tube and configuration in the fourth group (BBG) was the same as in the
third group, BBO. The OPC in the third group was replaced with GPC in the fourth group
to ascertain the effect of concrete type. The differences between steel-reinforced groups
and BFRP reinforced groups were the type of reinforcement and the type of confinement.
The steel-reinforced groups were confined by the internal steel helix, whereas the BFRPreinforced groups were confined with the BFRP tube.

Fig. 3.5: Cross-sectional configuration of the specimen groups
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A specimen labelling system was designed to designate each group using three letters.
The first letter shows the type of lateral reinforcement used to confine the group
specimens. The letters ‘S’ and ‘B’ refer to ‘steel helix’ and ‘BFRP tube’, respectively.
The second letter in the group designation represents the type of longitudinal
reinforcement, where ‘S’ and ‘B’ refer to ‘steel bars’ and ‘BFRP bars’, respectively. The
third letter in the specimen designation represents the type of concrete, where letters ‘O’
and ‘G’ refer to ‘OPC’ and ‘GPC’, respectively. Each group was composed of four
specimens. The numeric digits after the hyphen (-) indicate the loading eccentricity in
millimetres. The specimens tested in each group under flexural loads were identified by
a letter F after the hyphen. For example, specimen ‘BBG-25’ is the BFRP bar-reinforced
GPC filled BFRP tube specimen tested under 25 mm eccentric load.
3.5 Preparation of specimens
For the steel-reinforced groups, the longitudinal steel bars were tied to the steel helix
using ties. Spacers were used to provide the cover to the steel. A plastic template with
holes of the same size as the steel bars was developed. The template was developed to
keep the bars at the exact location during the reinforcement cage assembling process.
Similarly, a steel template was developed for the steel helix to keep the same pitch
throughout the specimen. The steel bars and helix were kept in position with the help of
respective templates during the reinforcement cage preparation. Similarly, the BFRP bars
were tied to the top and bottom steel ring with the help of a plastic template. Those steel
rings were used to keep the bars straight and in position during concrete pouring. Steel
rings were used at the top and bottom only to avoid any addition of strength in the
circumferential direction. A cover of 20 mm from the sides, top and bottom was provided
to the reinforcement bars. The steel and BFRP cages prepared are shown in Figure 3.6.
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The BFRP tubes were used as an external confinement for the BFRP-reinforced
specimens. The same tubes were also used as the formwork for the steel-reinforced
specimens to keep the same specimen size.

Fig. 3.6: BFRP and steel cages
The BFRP tubes on the steel-reinforced specimens were cut later, after the concrete
gained sufficient strength. This also helped in preventing the loss of moisture from the
prepared specimens. The tubes were installed on a wooden pallet with the help of glue.
Wooden logs were fixed at the top and bottom to keep the specimens straight and avoid
any movement during concrete pouring and vibrations. The steel and BFRP reinforcement
systems prepared earlier were then placed in the tubes. Spacers were used to provide a
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cover to the reinforcement for the steel-reinforced specimens and to keep the same
distance of the bars from the tube in the BFRP reinforced specimens.
Geopolymer concrete was mixed in the 0.1 m3 mixer at the civil engineering High Bays
laboratory at the University of Wollongong, Australia. Sodium hydroxide pellets were
mixed in water to prepare the solution around 18–20 h before the GPC mix preparation.
Almost 35 min before mixing the GPC, sodium silicate was mixed with the sodium
hydroxide solution. Coarse aggregates and sand were mixed first and then the GGBFS
and FA were added to the mixer while it was revolving. These dry constituents were
mixed thoroughly. Alkaline solution was then added to the mix and mixed for 100 s. After
that, water and superplasticiser were added to the mix and the mixer was allowed to
revolve continuously until the GPC was thoroughly mixed.
Geopolymer concrete was then poured into the prepared specimens. A vibrator was used
for proper pouring of the concrete and to avoid gaps in the concrete due to air bubbles.
Polyethylene sheets were used to cover the top of the specimens to avoid loss of moisture
from the top surface. The specimens were kept at normal room temperature for 28 days.
The BFRP tubes that were acting as a formwork for the steel-reinforced specimens were
cut after 28 days.
The OPC was supplied in a truck mixer. The concrete was taken out of the truck through
the chute in drums and then poured into the specimen moulds. A vibrator was used for
proper pouring. The concrete top surface was finished and left for 24 h. After 24 h, wet
hessian bags with a plastic sheet overlaid were placed on the top surface of the specimens
to avoid loss of moisture.
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3.6 Instrumentation and testing procedure
The test specimens were instrumented to obtain the axial deformation of the specimens
and additional lateral deformation for the eccentrically loaded specimens. For all the
specimens, two linear variable displacement transducers (LVDTs) were placed at two
opposite corners of the testing machine to measure the axial deformation of the test
specimens.
For all the tests, a 5000 kN Denison compression test machine was used. The specimens
were capped with high-strength plaster within the circular loading head. For the eccentric
load test, a laser triangulation was also placed at the mid-height of the tension face of the
specimen to measure the lateral deformation. The loading heads and test set-up used to
apply concentric and eccentric loads on the specimens have already been described in
detail by Hasan et al. [51]. The specimens were preloaded to 100 kN at a force-controlled
rate of loading of 50 kN/min to remove any misalignment. The specimens were then
unloaded to 20 kN at the same speed. Tests were resumed at a displacement-controlled
rate of loading of 0.3 mm/min.
The specimens tested under four-point bending were wrapped with CFRP sheets in the
shear zone to avoid the shear failure of the specimens. Two rigs at top and bottom were
used to test the specimen under four-point loading. The rig was placed diagonally in the
machine. The clear span between the two bottom supports was 700 mm. The distance
between the two loads at the top was 230 mm. The distance between the top load and the
nearest bottom support was 235 mm. Laser triangulation was placed at the midspan
bottom to measure the midspan deflection. The details of the test set-up have already been
described by Hadi et al. [52]. The specimens were preloaded to 50 kN at a force-controlled

78

rate of loading of 50 kN/min and then unloaded to 20 kN. The test was then resumed at a
0.3 mm/min displacement-controlled rate of loading.
3.7 Results and Discussion
Test results are tabulated in Tables 3.3 and 3.4. The failure modes and behaviour of the
tested specimens under concentric, eccentric and flexural loads are presented and
discussed. The effects of longitudinal and transverse reinforcement, type of concrete and
eccentricity on the peak axial load and ductility of the tested specimens are discussed.
Table 3.3: Test results of the specimens tested under concentric and eccentric axial
loads
Specimen Peak axial
designation load (kN)
SSO-0
1448

Axial deformation
at peak axial load
(mm)
2.6

Lateral deformation
at peak axial load
(mm)
-

Ductility
(μ)
2.32

SSO-25

951

2.5

2.0

1.50

SSO-50

537

3.3

4.8

1.27

SSG-0

1946

3.4

-

1.71

SSG-25

1207

2.8

2.4

1.09

SSG-50

694

2.6

3.2

1.07

BBO-0

2240

12.2

-

4.47

BBO-25

1234

8.2

16.2

4.79

BBO-50

695

9.1

20.0

6.43

BBG-0

1810

11.7

-

4.67

BBG-25

1159

7.9

15.5

5.13

BBG-50

660

8.9

20.9

6.72

79

Table 3.4: Test results of the specimens tested under four-point bending test
Specimen
designation
SSO-F

Peak load
(kN)
233

Midspan deflection
at peak flexural load
(mm)
25.7

SSG-F

239

5.4

9.31

BBO-F

393

18.1

1.13

BBG-F

294

29.9

2.37

Ductility
(μ)
11.76

3.7.1 Failure modes
Failure modes of the specimens tested under concentric, 25 mm eccentric, 50 mm
eccentric and flexural loads are shown in Figures 3.7 and 3.8. All the steel-reinforced
specimens behaved elastically close to the peak axial load. Near the peak load, cracks on
the concrete surface started to be visible. At the peak load, all the steel-reinforced
specimens resulted in a sudden drop of load. At the peak load, the concrete cover from
the specimens fell off. After this, the longitudinal steel bars started to buckle and steel
helix continued to resist the load by holding the steel bars. The steel-reinforced specimens
experienced rupture of the steel helix and crushing of concrete at their failure. It was
observed that concrete spalling occurred throughout the specimens in group SSO.
However, the spalling was concentrated at critical points in group SSG, as can be seen in
Figure 3.7(a). This difference in failure mode could be due to the fact that GPC has higher
tensile and bond strengths as compared to OPC [27, 53, 54]. The higher bond and tensile
strength resulted in low disintegration in the GPC specimens as compared to the OPC
specimens.
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SSO-0

SSG-0
BBO-0
(a) Specimens under concentric axial load

BBG-0

SSO-25

SSG-25
BBO-25
(b) Specimens under 25 mm eccentric axial load

BBG-25

SSO-50

SSG-50
BBO-50
(c) Specimens under 50 mm eccentric axial load

BBG-50

Fig. 3.7: Failure modes of the test specimens tested under concentric, 25 mm eccentric
and 50 mm eccentric loads
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In the eccentrically loaded steel-reinforced specimens, the concrete on the compression
side crushed and tension cracks were developed on the tension face. The failure resulted
owing to buckling and rupture of the longitudinal steel bars on the compression and
tension face, respectively.
For all of the specimens in groups BBO and BBG, failure occurred with the rupture of
the FRP tube. In all the specimens, the failure was initiated with loud sounds of the failure
of the BFRP bars in compression and the start of rupture cracks on the BFRP tube. Later,
the specimens failed due to rupture of the BFRP tube. It can be observed from Figure 3.7
that as the eccentricity of the specimens increased, the failure location moved from midheight to the top or bottom third portions of the specimens.

SSO-F

SSG-F

BBO-F

BBG-F

Fig. 3.8: Failure modes of the test specimens tested under four-point bending loads
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The failure of the steel-reinforced specimens under four-point bending initiated due to the
crushing of concrete at the top and tension cracks at the bottom. Afterwards, the buckling
of steel bars in compression and rupture of steel bars in tension resulted in the failure of
the specimens. For specimens BBO-F and BBG-F, the failure was initiated with the FRP
bar rupture inside and afterwards the rupture of the BFRP tube resulted in the complete
failure of the specimens.
3.7.2 General behaviour of the axially loaded specimens
All the axially loaded specimens were tested under monotonic axial compression until
failure. The axial load–axial deformation behaviour of group SSG and group SSO was
similar to each other. Both groups resulted in three major branches of the load–
deformation curve. This can also be observed in Figures 3.9–3.11. The first linear branch
is controlled by the behaviour of concrete. The second branch starts at the peak load. At
the peak load, concrete cover spalling occurred in both groups. The drop in load was
experienced by both groups just after the peak load. It can be observed that the drop in
load just after the peak load is significant in the GPC specimens as compared to the OPC
specimens. The third branch is controlled by the concrete, longitudinal steel
reinforcement and transverse steel helix.
The axial load–axial deformation behaviour of the specimens of groups BBO and BBG
can be divided into three branches. The first branch is controlled by concrete compression.
At the first peak load, the second branch of the curve started and a drop in load was
experienced by the specimens. This drop in load is attributable to concrete crushing. In
the third branch, the load started to increase. This branch is influenced by the presence of
BFRP longitudinal reinforcement and external tube confinement. At the end of the third

83

branch, the external BFRP tube started to rupture and resulted in the failure of the
specimens.
The ductility (μ) of all the tested specimens was calculated as the ratio of ultimate
deformation (δu) to yield deformation (δy) as shown in Eq. (3.1)
𝜇𝜇 =

𝛿𝛿𝑢𝑢
𝛿𝛿𝑦𝑦

(3.1)

The ultimate deformation was assumed to be at the 85% of the peak axial load in the post
peak region of the curve. To determine the yield deformation, a best fit regression line on
the first branch of the curve was drawn. Also, a horizontal line was drawn at the peak
axial load point. The deformation corresponding to the intersection of these two lines was
considered as the yield deformation.
3.7.3 Behaviour under concentric loads
The axial load-axial deformation curves of the specimens tested under concentric loads
are shown in Fig. 3.9. It can be observed that steel reinforced GPC Specimen SSG-0
resulted in 34.3% higher peak load as compared to the steel reinforced OPC concrete
Specimen SSO-0. This can be due to the reason that the GPC unconfined strength is
higher than the OPC unconfined strength. On the other hand, it can also be observed from
Table 3 that Specimen SSO-0 resulted in a higher ductility as compared to Specimen
SSG-0. This behaviour can be supported by the fact that the geopolymer concrete is
considered as more brittle in nature as compared to the OPC [28].
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Fig. 3.9: Axial load-axial deformation curves for the specimens tested under concentric
loads.
Specimen BBO-0 showed a 23.7% higher peak axial load as compared to specimen BBG0. This could be because the effectiveness of FRP confinement in terms of confined
strength is dependent on the unconfined concrete strength. The FRP confined strength is
related to the unconfined concrete strength such that, with the increase of unconfined
concrete strength, the confinement effectiveness decreases [55, 56]. It has already been
mentioned that the unconfined concrete strength of GPC was higher than that of OPC;
therefore, specimen BBG-0 resulted in a lower peak load as compared to specimen BBO0. A similar observation of reduced confined strength with the increase in unconfined
concrete strength was made by Mandal et al. [56]. In the study conducted by Mandal et
al. [56], specimens C8 and C12 with unconfined concrete strength of 46 MPa and 55
MPa, respectively, were confined with a similar confinement pressure. However,
specimen C8 resulted in a higher confined strength as compared to specimen C12 [56].
The ductility of specimen BBG-0 is 4.5% higher than that of specimen BBO-0. This
shows that the effectiveness of confinement in terms of ductility is higher for specimen
BBG-0 as compared to specimen BBO-0. This could be due to the higher bond and tensile
strength of GPC as compared to OPC [27, 53, 54]. The higher bond and tensile strength
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can result in low or delayed disintegration of GPC and delayed activation of BFRP tube,
which can increase the ultimate axial strain of specimen BBG-0. This increase of ultimate
axial strain resulted in the increased ductility.
It can be observed that specimen BBO-0 resulted in a 54.6% higher peak axial load as
compared to specimen SSO-0. On the contrary, specimen BBG-0 showed a 6.9% lower
peak axial load as compared to specimen SSG-0. This behaviour could be due to the
higher unconfined concrete strength of GPC that resulted in a lower confined concrete
strength in specimen BBG-0. It can be observed from Table 3 that the ductility of
specimen BBO-0 is 92.5% higher as compared to that of specimen SSO-0. Also, the
ductility of specimen BBG-0 is 172.8% higher than that of specimen SSG-0. This shows
that the effectiveness of confinement in terms of ductility is higher for the BFRP tube
confined specimens as compared to the steel helix confined specimens. Also, it can be
observed that the ductility enhancement due to tube confinement is greater in the GPC
specimens (i.e. BBG-0 and SSG-0) as compared to the OPC specimens (i.e. BBO-0 and
SSO-0).
3.7.4 Behaviour under 25 mm eccentric loads
The axial load–axial deformation and axial load–lateral deformation responses of the
specimens tested under 25 mm eccentric loads are shown in Figure 3.10. It can be
observed that specimen SSG-25 resulted in a 26.8% higher peak load as compared to
specimen SSO-25 due to the difference in unconfined concrete strength. The ductility of
specimen SSO-25 was 37.6% higher than specimen SSG-25.
Specimens BBG-25 and BBO-25 showed a strain hardening response. It can be observed
that the peak axial load of specimen BBO-25 was 6.5% higher than specimen BBG-25,
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but the ductility of specimen BBG-25 was 7% higher than specimen BBO-25. This shows
that the ductility enhancement due to FRP confinement is higher for GPC as compared to
OPC.
Specimens SSO-25 and BBO-25 behaved similarly in the first linear elastic branch of the
axial load–axial deformation curve. After the linear elastic branch, specimen BBO-25
resulted in a strain hardening response, whereas specimen SSO-25 resulted in a strain
softening response. The peak axial load and ductility of specimen BBO-25 was 29.7%
and 219% higher, respectively, than the equivalent values for specimen SSO-25.

Fig. 3.10: Axial load-axial deformation and axial load-lateral deformations curves for
the specimens tested under 25 mm load eccentricity
Specimen BBG-25 resulted in a slight (4%) lower peak axial load as compared to
specimen SSG-25. A significantly higher ductility (almost 4.7 times) as compared to
specimen SSG-25 was experienced by specimen BBG-25.
3.7.5 Behaviour under 50 mm eccentric loads
Axial load–axial deformation and axial load–lateral deformation curves of the specimens
tested under 50 mm eccentric loads are shown in Figure 3.11. Specimen SSG-50
experienced a 29.2% higher peak axial load as compared to specimen SSO-50. Specimen
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SSO-50 resulted in a higher (18.6%) ductility than specimen SSG-50. Specimen BBG-50
resulted in 5.1% lower peak axial load and 4.5% higher ductility as compared to specimen
BBO-50.

Fig. 3.11: Axial load-axial deformation and axial load-lateral deformations curves for
the specimens tested under 50 mm load eccentricity
Specimen BBO-50 resisted a peak axial load 29.4% higher than specimen SSO-50. Also,
the ductility of specimen BBO-50 was almost five times higher than specimen SSO-50.
Specimen SSG-50 resulted in a 5.2% higher peak axial load as compared to specimen
BBG-50. Yet the ductility of specimen BBG-50 is significantly higher (almost six times)
than specimen SSG-50. The higher ductility of specimens BBO-50 and BBG-50 as
compared to specimens SSO-50 and SSG-50, respectively, is due to the FRP tube
confinement.
3.7.6 Behaviour under flexural loads
Flexural testing of the specimens was carried out under fourpoint bending. Table 3.4
shows the test results of the specimens tested under four-point bending. The load–
midspan deflection behaviour of the tested specimens was plotted as shown in Figure
3.12.
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Fig. 3.12: Load-midspan deflection behaviour of the specimens tested under flexural
loads
It can be observed that specimen SSG-F resulted in a 2.5% higher peak flexural load as
compared to specimen SSO-F. This higher peak load is due to the higher flexural strength
of GPC as compared to the OPC. The ductility of specimen SSO-F is 26.3% higher than
specimen SSG-F. It can also be observed that there is a sudden decrease of load after the
peak for specimen SSG-F as compared to specimen SSO-F. The flexural behaviour of
specimen BBG-F is different from that of specimen BBO-F. Specimen BBO-F resulted
in a sudden decrease of the flexural load after the peak load. However, specimen BBG-F
resulted in a more ductile failure as compared to specimen BBO-F. The peak flexural load
of specimen BBO-F is significantly higher than specimen BBG-F, whereas the ductility
of specimen BBG-F is almost double that of specimen BBO-F. It can also be observed
that specimens BBG-F and BBO-F resulted in higher peak loads and lower ductilities as
compared to specimens SSG-F and SSO-F, respectively. Figure 3.12 also shows that the
initial stiffness of steel-reinforced specimens was higher as compared to the BFRP-barreinforced concrete filled BFRP tube specimens. A similar observation was made by Hadi
et al. [34] for the CFRP-bar-reinforced concrete filled CFRP tube column.
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3.7.7 Effect of longitudinal reinforcement and transverse confinement
In this study two types of longitudinal reinforcement (i.e. steel and BFRP) and two types
of transverse confinement (steel helix and BFRP tube confinement) were used. Figure
3.13 shows the effect of type of longitudinal reinforcement and transverse confinement
on the peak axial load and ductility of the tested specimens.

Fig. 3.13: Effect of longitudinal reinforcement and transverse confinement on peak axial
load and ductility
The effect was plotted in terms of normalised peak axial load and normalised ductility.
The steel-reinforced specimens with steel helix confinement were used as a reference and
compared with the BFRP-bar-reinforced concrete filled BFRP tube confined specimens.
It can be observed from Figure 3.13 that the ductility of the BFRP-reinforced concrete
filled BFRP tube specimens were higher than the steel reinforced specimens. It can also
be observed that this behaviour is independent of the concrete type or the eccentricity of
the load. The peak axial load of the specimens in group BBO were higher than the
specimens in group SSO for all load eccentricities. The peak axial loads of the specimens
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of group BBG, however, were lower than group SSG specimens for all eccentricities. The
possible reason for this could be the higher unconfined concrete strength of the GPC,
which reduced the effectiveness of confinement [55, 56].
3.7.8 Effect of concrete type
In this study two types of concrete (i.e. OPC and GPC) were used. Figure 3.14 shows the
effect of concrete type on the strength and ductility of the tested specimens.

Fig. 3.14: Effect of concrete type on peak axial load and ductility
It can be observed that the steel-reinforced GPC specimens (SSG) resulted in a higher
peak axial load and lower ductility as compared to the steel-reinforced OPC specimens
(SSO). This behaviour was similar for all the load eccentricities. Also it can be observed
that the BFRP-reinforced GPC filled BFRP tube specimens (BBG) showed a higher
ductility and a lower peak axial load than the BFRP-reinforced OPC filled BFRP tube
specimens (BBO). This shows that the BFRP tube confinement is slightly more effective
for GPC as compared to OPC in terms of ductility. The lower peak axial load of group
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BBG than group BBO could be due to the higher unconfined concrete strength of GPC as
compared to OPC.
3.7.9 Effect of eccentricity
Figure 3.15 shows the effect of eccentricity on the peak axial load and ductility of the
tested specimens. It can be observed from Figure 3.15 that the peak axial load of all the
groups decreased with the increase of load eccentricity.

Fig. 3.15: Effect of load eccentricity on peak axial load and ductility
The ductility of the steel-reinforced groups (i.e. SSO and SSG) experienced a decline with
the increase in load eccentricity. However, groups BBO and BBG resulted in an increase
of ductility with the increase in load eccentricity. This shows a better ductility
performance of the BFRP-reinforced concrete filled BFRP tubes as compared to the steelreinforced concrete with steel helix confinement. This can be attributed to the fact that
the BFRP tube confined the concrete fully as compared to the steel helix confinement,
which resulted in holding the crushed concrete until the rupture of the BFRP tube.
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3.7.10 Axial load-bending moment interaction diagram
In this study, experimental axial load–bending moment interaction diagrams were plotted
for all the tested specimen groups to determine the axial load–bending moment capacity
of each group. In the case of concentric and eccentric axially loaded specimens, the axial
load plotted was the peak load resisted by the specimen. The bending moment consisted
of two components – namely, primary moment and secondary moment. The primary
moment was due to the load eccentricity applied and the secondary moment was due to
lateral deflection of the specimen at peak load. The bending moment capacity of the
specimens under eccentric loads was calculated using Equation (3.2)
𝑀𝑀 = 𝑀𝑀1 + 𝑀𝑀2 = 𝑃𝑃(𝑒𝑒) + 𝑃𝑃(𝛿𝛿)

(3.2)

where M1 is the primary moment, M2 is the secondary moment, P is the peak axial load,
e is the load eccentricity and δ is the lateral deflection corresponding to the peak axial
load. The bending moment capacity of the specimen tested under four-point bending was
calculated using Eq. (3.3)
𝑀𝑀 =

𝑃𝑃𝑃𝑃
6

(3.3)

where P is the peak load applied in four-point bending test and L is the span of the
specimen tested. The span was 700 mm in all the cases.
In the axial load–bending moment interaction diagrams, the bending moment was plotted
as the abscissa and axial load as the ordinate. The axial load–bending moment interaction
diagrams were plotted using four points. Each point has two coordinates, namely, axial
load and bending moment. The first point shows the pure axial condition where the
specimens were loaded with concentric axial loads. Bending moment was assumed to be
zero for this point. The second and third points correspond to the axial load and bending
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moment capacities of the specimens loaded under 25 mm and 50 mm eccentricities. The
bending moment for these two points was calculated using Equation 3.2. The fourth point
corresponds to the specimen tested under four-point bending. The axial load was
considered to be zero for this point. The bending moment for the fourth point was
calculated based on Equation 3.3. The axial loads and bending moments corresponding
to each specimen are listed in Table 5.
Table 3.5: Axial load and bending moments of the tested specimens
Peak axial
Specimen
load
designation
(kN)
SSO-0
SSO-25
SSO-50
SSO-F
SSG-0
SSG-25
SSG-50
SSG-F
BBO-0
BBO-25
BBO-50
BBO-F
BBG-0
BBG-25
BBG-50
BBG-F

Peak
flexural
load
(mm)

Lateral
deformation at
peak load
(mm)
2.0
4.8
25.8
2.4
3.2
5.4
16.2
22.0
18.1
15.5
20.9
29.9

1448
951
537
233
1946
1207
694
239
2240
1234
695
393
1810
1159
660
294

Bending
moment
capacity
(kN.m)
0
25.7
29.4
27.2
0
33.1
36.9
27.9
0
50.8
50.0
45.8
0
47.0
46.8
34.3

This method of constructing the axial load–bending moment interaction diagram has
already been used by many authors, including Mai et al. [57], Algburi et al. [58] and Hadi
et al. [59].
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The axial load–bending moment interaction diagrams of groups SSO, SSG, BBO and
BBG are presented in Figure 3.16. It can be observed that group SSO has the least axial
load and bending moment capacity, whereas group BBO has the highest axial load and
bending moment capacity.

Fig. 3.16: Axial load-bending moment interaction diagram
It can also be observed from Figure 3.16 that the external FRP tube confinement increased
the bending moment capacity of the specimens. Figure 3.16 shows that the axial load and
bending moment capacity of group SSG is higher as compared to group SSO; whereas
the axial load and bending moment capacity of group BBG is lower than group BBO.
This contradiction in the behaviour of GPC is due to the BFRP tube confinement. The
effectiveness of the tube confinement is more for low-strength concrete as compared to
high-strength concrete. The GPC used in the study was higher in strength compared to
the OPC. Therefore, the BFRP tube confinement effectiveness in terms of the
enhancement of load and moment capacity is lower in BBG as compared to BBO. It can
be observed from Figure 3.16 that the moment capacity of group BBG is higher than
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group SSG, but the load capacity is lower than group SSG. Despite the fact that group
BBG has lower load and moment capacities than group BBO, group BBG has the
advantage of being more ductile and sustainable than group BBO.
3.8 Conclusions
The following conclusions are drawn based on the results and discussion.
(a) For different eccentricities, the steel-reinforced GPC specimens resulted in 27% to
34% higher peak loads and 16% to 27% lower ductility as compared to the steelreinforced OPC specimens. Contrary to that, the BFRP-reinforced GPC filled BFRP tube
specimens resulted in 5% to 19% lower peak loads and 4% to 7% higher ductility as
compared to the BFRP-reinforced OPC filled BFRP tube specimens.
(b) Group BBO resulted in 29% to 55% higher peak load and 1.9 to 5 times higher
ductility as compared to group SSO. Group BBG resulted in 4% to 7% lower peak load
and 2.7 to 6.2 times higher ductility as compared to group SSG. Therefore, it can be
concluded that the BFRP tube confinement is more effective in terms of peak load
enhancement for OPC-based specimens and in terms of ductility for GPC-based
specimens.
(c) The peak load and ductility of steel-reinforced groups SSO and SSG decreased with
the increase of eccentricity. However, for the BFRP-reinforced concrete filled BFRP tube
(i.e. groups BBO and BBG), the peak load decreased and the ductility increased with the
increase of eccentricity. Therefore, it can be concluded that the effect of the BFRP tube
confinement is more pronounced in terms of ductility enhancement.
(d) For all eccentricities, the ductility enhancement is higher from group SSG to group
BBG as compared to the case of group SSO to group BBO. Therefore, it can be concluded
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that the BFRP confinement on GPC results in higher increase of ductility as compared to
BFRP tube confinement on OPC.
(e) The axial load and moment capacity of group BBO was higher as compared to group
SSO. The moment capacity of group BBG was higher as compared to group SSG but the
axial load capacity was slightly lower due to lower confinement effectiveness on highstrength GPC.
Finally, the use of BFRP bar reinforced GPC filled BFRP tube column can be
recommended to promote sustainable construction with an added advantage of strength
and ductility enhancement under concentric and eccentric axial compression.
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Preamble
To achieve a sustainable construction industry, utilization of sustainable materials like
geopolymer concrete in structural members is needed. This chapter presents a study on
the structural behavior of the glass fiber reinforced polymer (GFRP) bar reinforced
geopolymer concrete (GPC) filled GFRP tube columns under different loading
conditions. The behavior of the proposed column was compared with the steel reinforced
ordinary Portland cement concrete (OPC) columns, steel reinforced GPC columns and
GFRP bar reinforced OPC filled GFRP tube columns. The structural behavior in terms of
failure mode, load carrying capacity and ductility were investigated. Also an equation
was used to calculate the load carrying capacity of the proposed column. The
experimental load carrying capacity was compared with the load prediction using
different confinement models. The details of experimental and analytical study are
presented in this chapter. The research findings have been published in the Journal
Structures. The published article is enclosed in this chapter.
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4.1 Abstract
This paper proposes a new type of column. The glass fiber reinforced polymer (GFRP)
bar reinforced geopolymer concrete (GPC) filled GFRP tube column is presented as a
potential substitute of steel reinforced ordinary Portland cement concrete (OPC) column.
Type of concrete (OPC and GPC), type of longitudinal reinforcement bars (steel and
GFRP) and type of transverse reinforcement (steel helix and GFRP tube) were the test
parameters investigated in this study. The specimens of 200 mm diameter and 800 mm
height were tested under different loading conditions. Experimental load-axial
deformation, load-lateral deformation and flexural load-midspan deflection of the tested
specimens are presented and discussed. An equation was also proposed for the prediction
of the concentric load capacity of the column. It was found that GFRP reinforcement and
GFRP tube confinement resulted in a higher ductility enhancement for GPC based
specimens as compared to the OPC based specimens. Also, the ductility of GFRP bar
reinforced GPC or OPC filled GFRP tube columns increased with the load eccentricity.
Whereas, the ductility of the steel reinforced specimens decreased with the increase of
load eccentricity.
4.2 Introduction
Global warming is a threat to the sustainable future of the world [1]. Carbon dioxide
(CO2) emission is one of the key drivers of global warming. However, the production of
cement involves approximately 5-7% of the CO2 emissions [2, 3]. Portland cement is the
main constituent of ordinary Portland cement concrete (OPC). It is estimated that the use
of OPC in the world is almost one cubic meter per capita [4]. Also, with the increase of
industrialization, the production of industrial wastes like fly ash (FA) and ground
granulated blast furnace slag (GGBFS) are increasing. These industrial wastes are
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considered as pozzolanic in nature [4]. It is estimated that almost 75% of FA and 35% of
GGBFS produced annually worldwide are wasted and not being utilized [2]. Geopolymer
concrete (GPC) is known as green concrete which not only eliminates the use of Portland
cement for concrete production but also utilizes the industrial wastes like fly ash and slag
as binders in the GPC [5, 6]. Researchers are nowadays focused on bringing sustainability
in infrastructure development through the use of GPC in structural members [5, 7-11].
Steel reinforcement replacement with fiber reinforced polymer (FRP) reinforcement is
gaining attention due to long-term durability and performance of FRP reinforcement as
compared to steel reinforcement. The FRP reinforcement also offers the advantages of
having lighter weight, higher tensile strength and non-corrosive as compared to steel
reinforcement [12]. Glass FRP (GFRP) is the most extensively used type of FRP due to
its low cost. A limited number of studies have been carried out to investigate the behavior
of GFRP reinforced GPC columns [8, 13]. Also, recent studies found that the use of FRP
tube as transverse reinforcement in place of steel helix resulted in a more ductile and high
strength structural member [14].
The concrete filled FRP tube (CFFT) column is an emerging type of construction
technique since the last two decades [15, 16]. The CFFT is more attractive than the steel
helix as it also has added advantages of easy construction, left-in-place formwork and
better quality control on site [14]. The concrete types like high strength concrete and
geopolymer concrete are considered as more brittle than the normal strength OPC. The
use of CFFT to counter the brittleness of these types of concrete was investigated by few
studies [17-19]. Limited studies are found on FRP confined GPC [17, 18]. Ozbakkaloglu
and Xie [20] is the only study carried out to ascertain the behavior of GPC filled FRP
tubes. The effect of the type, thickness and shape of the FRP tube on the behavior of GPC
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and OPC filled FRP tubes was investigated. It was observed that the ultimate axial strains
were higher for OPC and GPC filled GFRP tube as compared to the basalt FRP (BFRP)
and carbon FRP (CFRP) tubes. This study was based on GPC filled FRP tubes without
internal reinforcement.
Fiber reinforced polymer (FRP) bar reinforced concrete filled FRP tube (CFFT) column
has recently gained significant research interest. This type of column not only provides
the long-term durability but it also enhances the performance as compared to steel
reinforced columns [16, 21]. Limited studies are found on the behavior of concrete filled
GFRP tube columns internally reinforced with GFRP bars [21, 22].
Hadi et al. [21] conducted an experimental study to investigate the behavior of FRP
reinforced concrete filled FRP tube short columns under axial concentric load, eccentric
load and four-point bending. Steel reinforced concrete (RC) short columns were used as
a reference. The types of FRP bar used were GFRP and CFRP. The GFRP and CFRP
tubes were used as a transverse confinement in the columns. It was concluded that CFFT
columns reinforced with FRP bars sustained higher axial loads, axial deformations and
lateral deformations at peak load as compared to the steel reinforced reference column.
Ahmed et al. [22] conducted a study to investigate the behavior of CFFT long columns
reinforced with FRP bars under cyclic axial loads. The study concluded that, the ultimate
strength and corresponding strain of GFRP bar reinforced concrete filled GFRP tube
columns were reasonable and higher than the steel reinforced reference column.
This study proposes a new type of CFFT column. This column consists of GFRP
reinforced GPC filled GFRP tube column. The advantages of using this type of column
are sustainability, reduction in weight of the structure, enhancement of load carrying
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capacity and ductility as compared to normally used steel reinforced OPC concrete
columns. In this study, the general behavior, axial load-deformation and load-moment
response of the GFRP bar reinforced GPC filled GFRP tube columns were experimentally
investigated under concentric load, eccentric load and four-point bending.
4.3 Experimental program
The test matrix for this study is presented in Table 4.1. Sixteen column specimens were
cast and tested. All the specimens were of 200 mm in diameter and 800 mm in height.
Table 4.1: Test matrix
Slenderness
Loading
Group
Specimen
Longitudinal
Lateral
Concrete
ratio
eccentricity
designation designation
reinforcement confinement
type
(mm)
SSO-0
0
SSO-25
25
16
Steel bars
Steel helix
OPC
SSO
SSO-50
50
SSO-F
Flexure
SSG-0
0
SSG-25
25
16
Steel bars
Steel helix
GPC
SSG
SSG-50
50
SSG-F
Flexure
GGO-0
0
GGO-25
25
16
GFRP bars
GFRP tube
OPC
GGO
GGO-50
50
GGO-F
Flexure
GGG-0
0
GGG-25
25
16
GFRP bars
GFRP tube
GPC
GGG
GGG-50
50
GGG-F
Flexure
Four groups of specimens were formed for this study. Each group was composed of four
specimens. The first specimen in each group was tested under axial concentric load. The
second and third specimen from each group were tested under 25 mm and 50 mm
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eccentric loads, respectively. The last specimen from each group was tested under flexure
to ascertain the response under four-point bending.
Three letters were used to designate each group. The first letter shows the type of
longitudinal reinforcement (S represent steel and G represent GFRP). The second letter
shows the type of transverse reinforcement (S represent steel helix and G represent GFRP
tube). The third letter is used to designate the type of concrete used where the letters O
and G refer to OPC and GPC, respectively. The numeric digits after the hyphen (-) are
used to represent the different loading eccentricities. The letter F in place of the numeric
digit is used for the specimens tested under four-point bending. For example, Specimen
GGO-25 refer to OPC filled GFRP tube specimen internally reinforced with GFRP bars
subjected to 25 mm eccentric load.
The longitudinal and cross-sectional configurations of each group are shown in Fig. 4.1.

Fig. 4.1: Configuration of groups: (a) SSO and SSG cages; (b) GGO and GGG cages;
(c) top view of SSO and SSG; and (d) top view of GGO and GGG
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Groups SSO and SSG were longitudinally reinforced with six N12 steel bars and
transversally with steel helix of 60 mm pitch manufactured with R10 steel bars. Groups
GGO and GGG were longitudinally reinforced with six 17 mm GFRP bars and
transversally confined with the GFRP tube.
4.4 Materials
4.4.1 Ordinary Portland cement concrete (OPC) and geopolymer concrete (GPC)
The ready mix OPC was procured and poured in the laboratory. The average compressive
strength of the OPC was 39 MPa at 28 days tested as per AS1012.9 [23]. Geopolymer
concrete cured under ambient conditions was used in this study. The optimum mix
proportion proposed by Hadi et al. [24] provided a baseline. The trial tests were conducted
to develop a new mix proportion with the available materials to attain the desired
compressive strength and flowability. The average GPC compressive strength was 51.5
MPa at 28 days tested as per AS 1012.9 [23].
Table 4.2 shows the mix proportions of the GPC. The binders in the GPC mix were
composed of two components (i.e. GGBFS and fly ash). The proportion of GGBFS and
fly ash were 40% and 60% of the total binder content, respectively. The GGBFS for this
study was provided by the Australasian Slag Association [25]. The fly ash was provided
by Boral Australia [26].
The alkaline solution in the GPC was composed of a mixture of sodium hydroxide
(NaOH) solution and sodium silicate (Na2SiO3) solution. The ratio of NaOH to Na2SiO3
was 1:2.5 by mass. The superplasticizer used was MasterGlenium SKY 8700 provided
by BASF chemicals Australia [27].
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Table 4.2: Mix proportions of geopolymer concrete
Quantity
Material
(kg/m3)
Fly ash
270
GGBFS
180
Coarse Aggregates
1294
Sand
552
14 M NaOH solution
45
Na2SiO3
113
Water
92
Superplasticizer
35

4.4.2 Steel reinforcement
The deformed steel bars (N12) were used for the longitudinal reinforcement of steel
reinforced specimens. The steel bars used for the helix manufacturing was round steel bar
R10. Tensile tests of both types of steel bars N12 and R10 were conducted as per AS
1391-07 [28]. The average tensile strengths of N12 deformed and R10 plain steel bars
were 650 MPa and 500 MPa, respectively.
4.4.3 Glass fiber reinforced polymer (GFRP) longitudinal reinforcement
The reinforcement used in this study was spirally wounded GFRP bars of 17 mm
diameter. The GFRP bars were supplied by Domeshells Australia [29]. The average
tensile strength and elastic modulus of GFRP bars were 749 MPa and 36.8 GPa,
respectively, as per ASTM D7205/D7205M-11 [30]. The average tensile properties of the
GFRP bars are quite close to the values reported by He et al. [31] and Qu et al. [32]. The
average compressive strength and elastic modulus of the tested GFRP bar specimens were
472 MPa and 39.1 GPa, respectively, as per ASTM D695-15 [33]. The relationship of
compressive and tensile strength of the tested GFRP bars is almost similar to the results
presented by Hadi et al. [21]. The ratio of compressive to tensile modulus of elasticity is
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1.06. A similar ratio was previously reported in AlAjarmeh et al. [34], which testify the
test results presented in this study.
4.4.4 Glass fiber reinforced polymer (GFRP) tube
All the GFRP tubes used in this study were of 200 mm internal diameter and wall
thickness of 1.5 mm. The winding angle of the glass fibers in the tube was +78o to the
longitudinal direction of the tube, as per the manufacturer provided data. The tensile
characteristics of the tube were determined in both the hoop and longitudinal directions.
The tensile properties of the tube in the circumferential direction were determined using
a split disk test, as per ASTM D2290-08 [35]. The test sample was 35 mm wide. Two
reduced widths were created 180o apart. The reduced width was created with the help of
8 mm radius notches at both ends of the sample. Two strain gauges of gauge length 20
mm were attached at the two opposite reduced areas of the test samples. The test was
conducted using the Instron Universal testing machine (capacity= 500kN) at a
displacement controlled loading rate of 2 mm/min. The hoop tensile strength and strain
at failure were 701 MPa and 1.6%, respectively. The GFRP coupon test was conducted
as per ASTM D3039/D3039M-14 [36] to determine the tube properties in the longitudinal
direction. The width and length of the test coupons were 25 mm and 250 mm,
respectively. The average tensile strength of the GFRP tube in the longitudinal direction
was measured as 20.2 MPa. The longitudinal tensile strength is considerably lower than
the circumferential tensile strength of the GFRP tube. This can be due to the reason that
the majority of the fibers are oriented in the circumferential direction of the tube and thus
resulted in a higher tensile strength in the circumferential direction.
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4.5 Specimen fabrication
For steel reinforced specimens, the steel longitudinal reinforcement bars were tied to the
steel helix at the design locations. A plastic template was used to keep the longitudinal
bars at the designed location and a steel template was used to keep a constant pitch
throughout the reinforcement cage. Small pieces of steel were welded at the bottom and
sides of the reinforcement cage to provide the 20 mm cover. The prepared steel
reinforcement cage was placed in the GFRP tube which acted as a formwork. The GFRP
tube on the steel reinforced specimens were cut after 28 days and was only used as a
formwork.
For GFRP bar reinforced concrete filled GFRP tube specimens, the GFRP bars were tied
with two steel hoops one at the top and at the bottom to keep the bars at the same distance
from each other. The diameter of the round steel bar used to prepare the steel hoop was 6
mm. Steel hoops were placed so as to avoid any addition to strength. Also a plastic
template with holes of the size of GFRP bar diameter was used to keep the bars at the
design locations. A cover of 20 mm was provided for the GFRP bars. The prepared GFRP
bar cages were placed in the GFRP tubes for Groups GGO and GGG. The tubes were
fixed on a wooden pallet with the glue. The straightness was checked with a plumb line
bubble level.
The OPC was supplied in a truck mixer to the laboratory. The OPC was then placed into
the molds manually using aluminum scoops. A poker vibrator was used to avoid air traps
and allow proper placement of concrete in the molds. The top surface of the specimens
was finished and levelled. After 24 hours, wet hessian was placed on the specimens for
curing for 28 days.
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The GPC was prepared in the laboratory using a rotating drum mixer with a mixing
capacity of 0.1 m3. Sodium hydroxide solution was prepared about 18-20 hours before
the concrete mixing. Sodium silicate was added to the sodium hydroxide solution 35-40
minutes before mixing to prepare the alkaline solution. Coarse aggregates, sand, fly ash
and GGBFS were mixed thoroughly in the mixer first. Alkaline solution was then added
to the mix. Afterwards, the water and superplasticizer were added to the mix. The
prepared GPC was then poured into the molds. Similar to the OPC pouring, a poker
vibrator was used to remove the air traps. After pouring, the top surface of the specimens
were finished and covered with a polyethylene sheet to reduce the loss of moisture. The
polyethylene sheet was removed after 28 days.
4.6 Test setup and procedure
The concentrically loaded specimens were instrumented to record the load and the axial
deformation. The eccentrically loaded specimens were instrumented to obtain the load,
the axial deformation and the lateral deformation. The specimens tested under four-point
bending were instrumented to record the load and the midspan deflection.
A 5000 kN compression testing machine was used for all the tests at the Civil Engineering
High bay laboratory, University of Wollongong, Australia. To avoid the failure at the top
and the bottom of the specimens, CFRP strips of width 100 mm were wrapped in two
layers using the epoxy resin. In addition, the top surface of the specimens was capped
with a uniform layer of high strength plaster. The axial deformation in all the specimens
was recorded using two linear variable displacement transducers (LVDTs) positioned at
the two opposite corners of the testing machine. The lateral deformation at the mid height
of the eccentrically loaded specimens was recorded using a laser triangulation. For all the
concentric and eccentric loading tests, the loading heads and test setup were the same as
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previously reported by Hadi et al. [37]. Figure 4.2 shows the test setup for different
loading types. The specimens were preloaded to avoid the misalignment during the test
setup at a loading rate of 50 kN/min up to 100 kN. The specimens were then unloaded to
20 kN at the same loading rate. Afterwards, a displacement controlled loading rate of 0.3
mm/min was used to test all the concentric and eccentric loaded specimens.

LVDTs

Loading
heads

LVDT

Top supports

Las er
Triangulation
Bottom loading points

(a) Concentric and eccentric loading

(b) Flexural loading

Fig. 4.2: Test setup for different loading types
The specimens were wrapped at both ends with CFRP sheet to avoid failure in the shear
zone under four-point bending. The distance between the two bottom load points was 700
mm and the distance between the two top supports was 230 mm. The distance of the top
support from the nearest bottom load point was 235 mm. A hole was provided at the
center of the bottom rig to allow the use of a laser triangulation for the measurement of
midspan deflection. The specimens tested under four-point bending were also preloaded
at a loading rate of 50 kN/min up to 50 kN. A similar loading rate was then used to unload
the specimens to 20 kN. Afterwards, a displacement controlled loading rate of 0.3
mm/min was used to test all the specimens under four-point bending.
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4.7 Results and discussion
Table 4.3 and Table 4.4 show the test results. The axial load-deformation behavior, peak
axial loads and ductility of the tested specimens are presented and discussed below. The
effects of longitudinal reinforcement (steel and GFRP), transverse reinforcement (steel
helix and GFRP tube), type of concrete (OPC and GPC), and eccentricity on peak axial
load and ductility of the tested specimens are also discussed.
Table 4.3: Test results of the specimens tested under concentric and eccentric axial loads
Specimen
designation
SSO-0

Peak axial
load (kN)
1448

Axial deformation at
peak axial load
(mm)
2.6

Lateral deformation
at peak axial load
(mm)
-

Ductility
index
(μ)
2.32

SSO-25

951

2.5

2.0

1.50

SSO-50

537

3.3

4.8

1.27

SSG-0

1946

3.4

-

1.71

SSG-25

1207

2.8

2.4

1.09

SSG-50

694

2.6

3.2

1.07

GGO-0

2631

12.9

-

3.57

GGO-25

1402

8.2

14.3

3.59

GGO-50

875

11.8

23.7

5.06

GGG-0

2283

10.4

-

3.24

GGG-25

1354

11.4

26.6

3.38

GGG-50

826

10.5

23.8

5.04

Table 4.4: Test results of the specimens tested under four-point bending test
Midspan deflection at Ductility
Specimen
peak load
index
designation
Peak load (kN)
(mm)
(μ)
SSO-F
233
25.8
11.7
SSG-F

239

5.4

9.3

GGO-F

569

20.7

1.7

GGG-F

327

23.8

2.2
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The failure modes of the tested specimens are shown in Fig. 4.3 and Fig. 4.4.

SSO-0

SSG-0
GGO-0
(a) Specimens under concentric axial load

GGG-0

SSO-25

SSG-25
GGO-25
(b) Specimens under 25 mm eccentric axial load

GGG-25

SSO-50

SSG-50
GGO-50
(c) Specimens under 25 mm eccentric axial load

GGG-50

Fig. 4.3: Failure modes of the test specimens tested under concentric, 25 mm eccentric
and 50 mm eccentric loads
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SSO-F

SSG-F

GGO-F

GGG-F

Fig. 4.4: Failure modes of the test specimens tested under four-point bending loads.
The axial load-axial deformation behavior of the specimens tested under concentric and
eccentric axial loads was recorded under monotonic axial compression till failure. Figures
4.5, 4.6 and 4.7 represent the axial load-axial deformation response of the specimens
tested under concentric, 25 mm eccentric and 50 mm eccentric axial compression,
respectively.
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Fig. 4.5: Axial load-axial deformation curves for the specimens tested under concentric
loads.

Fig. 4.6: Axial load-deformation behavior of the specimens tested under 25 mm load
eccentricity.

Fig. 4.7: Axial load-deformation behavior of the specimens tested under 50 mm load
eccentricity.
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The load-midspan deflection behavior of the specimens tested under four-point bending
is shown in Fig. 4.8.

Fig. 4.8: Load-midspan deflection behavior of the specimens tested under flexural
loads.
The ratio of ultimate deformation (δu) to yield deformation (δy) was used to calculate the
ductility index (μ) of the tested specimens. Equation (4.1) shows the formula to determine
the ductility index of the tested specimens.
𝜇𝜇 =

𝛿𝛿𝑢𝑢
𝛿𝛿𝑦𝑦

(4.1)

Figure 4.9 shows the location of yield and ultimate deformations on a typical loaddeformation curve for the tested specimens. A best fit regression line was plotted on the
first linear branch of the axial load-axial deformation curve of the tested specimens. A
horizontal line at the peak axial load at the end of the second branch was also plotted. The
intersection of these two lines was assumed to be the yield point and the deformation
corresponding to this point was used as the yield deformation (δy). The point at the 85%
of the peak axial load in the third branch was assumed to be the ultimate point and the
deformation corresponding to this point was considered as the ultimate deformation (δu).
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A similar approach for the calculation of yield and ultimate deformation has already been
adopted by Hadi et al. [21].

Fig. 4.9: Locations of ultimate and yield deformations for ductility index calculations.
4.7.1 Axial load-deformation behavior of Groups SSO and SSG
Steel reinforced specimens in Groups SSO and SSG resulted in three branches of the axial
load-axial deformation curve as can be seen in Figs. 4.5, 4.6 and 4.7. The first branch was
linear and controlled by the concrete only. The behavior of Group SSO was similar to
Group SSG initially during the first branch. At the peak load, the second branch of the
curve was initiated. At the peak load, the concrete cover fell off and the area of the
concrete reduced to the core only. This resulted in a reduction of load. The reduction of
load recorded for Group SSG was higher than Group SSO. This can be due to the brittle
nature of GPC which resulted in a sharp reduction of load at the peak load. In the third
branch, the load started to reduce with the increase in axial deformation. The third branch
was controlled by the concrete core, steel longitudinal reinforcement and transverse steel
helix. It was also observed that a longer cracking and spalling pattern was visible for
Group SSO than Group SSG. This behavior can be justified with the fact that the GPC
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has higher tensile and bond strengths than OPC [38-40]. The steel reinforced specimens
under eccentric loads experienced failure due to the cracks in concrete on the tension face,
longitudinal steel bar buckling at the compression face and longitudinal steel bar rupture
at the tension face of the specimens.
4.7.2 Axial load-deformation behavior of Groups GGO and GGG
The axial load-axial deformation behavior of Groups GGO and GGG can also be divided
into three main branches as shown in Figs. 4.5, 4.6 and 4.7. The first branch was linear
and controlled by the concrete compression in the tube till the compressive strength of
the concrete. At the concrete compressive strength, the second linear branch of the curve
was initiated for Groups GGO and GGG. A difference in the behavior of Groups GGG
and GGO was noticed during transition between the first and the second branches for
concentrically loaded specimens. For Specimen GGG-0, the load-deformation curve
resulted in a sudden drop at the transition point and then started to increase. Whereas,
Specimen GGO-0 did not experience the drop of load at the end of the first branch. A
similar drop of load at the transition point has already been observed for the FRP confined
high strength OPC by Oliveira et al. [41]. This similarity of the behavior suggested that
the FRP confined GPC behavior is quite similar to the FRP confined high strength OPC
under axial compressive loads. This can be due to the higher brittleness of GPC and high
strength OPC than normal strength OPC, which could have caused the sudden crushing
of concrete. In the second branch, the load increased with the axial deformation till the
rupture of GFRP tube. The second branch was controlled by the GFRP longitudinal bars
and external GFRP tube. The third branch started at the peak axial load where the GFRP
tube started to rupture. This resulted in a sharp drop in the axial load-axial deformation
curve in the third branch of the curve.
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4.7.3 Load-midspan deflection behavior
The load-midspan deflection curves of the tested specimens can be divided into two main
branches as shown in Fig. 4.8. For the steel reinforced specimens, the first branch was till
the peak load. The tension cracks at the bottom and crushing of concrete at the top started
in the first branch. At the peak load, the concrete at the top crushed and the tension cracks
opened up. After the peak load, the second branch started and ended at the failure of the
specimens due to the rupture of the longitudinal steel bar. For the GFRP tube confined
specimens, the first branch of the curve ended with the sudden drop of load at the peak
load. The concrete in the tube crushed at top and tension cracks developed at bottom
during the first branch. The GFRP tube ruptured at the peak load. During the second
branch, after the load drop, the FRP reinforcement carried the flexural load and resulted
in a slight increase of load. The second branch ended with the GFRP bar and tube rupture
which in turn resulted in the specimen failure.
4.7.4 Peak axial load and ductility of specimens tested under concentric loads
The test results of the specimens tested under concentric loads are presented in Table 4.3.
It can be observed from Table 4.3 that Specimen SSG-0 resulted in a 34.3% higher peak
axial load than Specimen SSO-0. This difference is due to the higher unconfined strength
of GPC than OPC. The ductility index of Specimen SSG-0 was 26.2% lower than
Specimen SSO-0. This result is in line with the observations made by other studies
regarding brittleness of GPC, for example Steinerova et al. [42].
It can also be observed from the test results that the peak axial load of Specimen GGG-0
was 13.2% lower than Specimen GGO-0. This can be due to the fact that the effectiveness
of FRP confinement reduces with the increase in unconfined concrete strength [43, 44].
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The ductility index of Specimen GGG-0 was also 9% lower than Specimen GGO-0. This
can be due to the higher brittleness of GPC than OPC [42].
Specimen GGO-0 showed 81.7% and 53.6% higher peak axial load and ductility index,
respectively than Specimen SSO-0. Similarly, Specimen GGG-0 resulted in 17.3% and
89.4% higher peak axial load and ductility index than Specimen SSG-0, respectively.
Considering that the two types of specimens had almost a similar volume ratio of
transverse reinforcement, this shows the superior performance of GFRP bar reinforced
and GFRP tube confined specimens than the steel reinforced specimens. Also, it can be
noticed that the ductility enhancement in the GPC specimens (i.e. from SSG-0 to GGG0) was greater than the OPC specimens (i.e. from SSO-0 to GGO-0). The peak axial load
enhancement due to GFRP tube confinement was higher for OPC specimens (i.e. from
SSO-0 to GGO-0) than GPC specimens (i.e. from SSG-0 to GGG-0).
4.7.5 Peak axial load and ductility of specimens tested under 25 mm eccentric loads
Figure 4.6 shows the axial load-axial deformation and axial load-lateral deformation
behavior of the specimens tested under 25 mm eccentric loads. Specimen SSO-25 showed
a 21.5% lower peak axial load than Specimen SSG-25. This lower peak axial load of
Specimen SSO-25 was due to the lower unconfined concrete strength of OPC than GPC
in this study. On the contrary, the ductility index of Specimen SSO-25 was 36.6% higher
than Specimen SSG-25.
Specimen GGG-25 resulted in 3.4% lower peak axial load than Specimen GGO-25. Also,
the ductility index of Specimen GGG-25 was 5.9% lower than Specimen GGO-25.
Specimen GGG-25 resulted in 12.2% higher peak axial load and 207% higher ductility
index than Specimen SSG-25. Similarly, Specimen GGO-25 resulted in 47.3% higher

127

peak axial load and 139% higher ductility index than Specimen SSO-25. It can be
observed that the peak axial load enhancement was greater in OPC specimens (i.e. from
SSO-25 to GGO-25) than GPC specimens (i.e. from SSG-25 to GGG-25). However, the
ductility enhancement was more significant for the GPC specimens (i.e. from SSG-25 to
GGG-25) than OPC specimens (i.e. from SSO-25 to GGO-25).
4.7.6 Peak axial load and ductility of specimens tested under 50 mm eccentric loads
The axial load-axial deformation and axial load-lateral deformation curves of the
specimens tested under 50 mm eccentric loads are shown in Fig. 4.7. Specimen SSO-50
resulted in a 22.6% lower peak axial load than Specimen SSG-50. Whereas, the ductility
index of Specimen SSO-50 was 17.9% higher than Specimen SSG-50 due to the brittle
behavior of GPC.
Specimen GGG-50 experienced a 5.6% and 0.28% lower peak axial load and ductility
index, respectively than Specimen GGO-50. Specimen GGO-50 resisted 63% higher peak
axial load than Specimen SSO-50. A major difference in ductility of Specimens GGO-50
and SSO-50 can be observed. Specimen GGO-50 showed a ductility index which was
almost four times the ductility index of Specimen SSO-50. Similarly, the peak axial load
experienced by Specimen GGG-50 was 19% higher than Specimen SSG-50. The ductility
index of Specimen GGG-50 was approximately 4.7 times the ductility index of Specimen
SSG-50. This shows the GFRP bar reinforcement and GFRP tube confinement has a
major effect on the peak axial load and ductility enhancement compared to the steel
reinforced and steel helix confined specimens under higher eccentric axial loads.
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4.7.7 Peak load and ductility of specimens tested under under flexural loads
The peak flexural load, midspan deflection at peak flexural load and ductility index of the
tested specimens are tabulated in Table 4.4. It can be observed that the peak flexural load
of Specimen SSG-F was 2.5% higher than Specimen SSO-F. Also, the ductility index of
Specimen SSG-F was 20.8% lower than Specimen SSO-F. This can be due to the brittle
nature of GPC than OPC. Specimen SSG-F experienced a sharp decline of flexural load
after the peak as compared to Specimen SSO-F. Specimens GGG-F and GGO-F resulted
in higher peak flexural loads than steel reinforced Specimens SSG-F and SSO-F,
respectively. Also, the ductility index of Specimens GGG-F and GGO-F was significantly
lower than Specimens SSG-F and SSO-F, respectively. Specimen GGG-F resulted in
42.6% lower peak flexural load than Specimen GGO-F and the ductility index of
Specimen GGO-F was 24.7% lower than Specimen GGG-F.
4.7.8 Effect of longitudinal reinforcement and transverse confinement
Two types of longitudinal reinforcement (i.e. steel and GFRP) and transverse
confinement (i.e. steel helix and GFRP tube confinement) were used in this study. In Fig.
4.10, the effect was plotted in terms of normalized peak axial load and normalized
ductility index. The results of GFRP bar reinforced GFRP tube confined specimens were
normalized based on the steel reinforced counterparts. Figure 4.10 shows that for all the
types of concrete and the load eccentricities, the GFRP bar reinforced GFRP tube
confined specimens showed higher peak axial load and higher ductility than the steel
reinforced specimens. Also it can be observed that the ductility enhancement due to GFRP
bar reinforcement and GFRP tube confinement was more pronounced at higher load
eccentricities than the peak axial load enhancement.
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Fig. 4.10: Effect of longitudinal reinforcement and transverse confinement on peak axial
load and ductility index.
4.7.9 Effect of concrete type
The effect of concrete type on the peak axial load and ductility index of the tested
specimens is shown in Fig. 4.11. It can be observed that for all the load eccentricities,
steel reinforced OPC specimens resulted in lower peak axial load and higher ductility
than the steel reinforced GPC specimens. This is due to the lower unconfined strength of
OPC and higher brittleness of GPC.

Fig. 4.11: Effect of concrete type on peak axial load and ductility index.
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Figure 4.11 also shows that for all eccentricities, the GFRP bar reinforced OPC filled
GFRP tube confined specimens resulted in higher peak axial load and ductility index than
the GFRP bar reinforced GPC filled GFRP tube confined specimens. The difference of
peak axial load and ductility index between the OPC and GPC specimens was not as
significant as in steel reinforced specimens. This showed that the GFRP tube confinement
effectively countered the brittleness of GPC and brought the GPC specimens close in
performance to the OPC specimens.
4.7.10 Effect of eccentricity
Figure 4.12 shows the effect of load eccentricity on the peak axial load and ductility index
of the tested specimens. It can be observed that for all the types of specimens tested, the
peak axial load decreased with an increase in the load eccentricity. The ductility of steel
reinforced specimens, irrespective of the type of concrete used, decreased with the load
eccentricity.

Fig. 4.12: Effect of load eccentricity on peak axial load and ductility index.
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The decrease in ductility with eccentricity for steel reinforced OPC specimens was
slightly higher than the steel reinforced GPC specimens. The ductility of GFRP bar
reinforced GFRP tube confined specimens increased with the load eccentricity. This
increase in ductility is independent of the type of concrete used. Also it can be observed
that the increase in ductility in GFRP bar reinforced GFRP tube confined specimens with
eccentricity was slightly higher for the GPC filled specimens than the OPC filled
specimens. This shows the ductility performance of GFRP bar reinforced GPC filled
GFRP tube specimens improved under higher load eccentricities.
4.8 Theoretical load predictions
The concentric load capacity of the GFRP reinforced concrete filled GFRP tube column
can be predicted using Eq. (4.2).
𝑃𝑃 = 0.85𝑓𝑓𝑐𝑐′𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑏𝑏 � + 𝛼𝛼𝑓𝑓𝑏𝑏 𝐴𝐴𝑏𝑏

(4.2)

Where fcc’ and fb are the confined concrete strength and the ultimate tensile strength of the
FRP bar, respectively; Ag and Ab are the gross cross-sectional area of the column and the
total area of the FRP bars, respectively. The factor α is the reduction factor to account for
the lower compressive strength of the FRP bar as compared to its tensile strength. The
value of α was taken as 0.35 based on Afifi et al. [45]. The fcc’ was calculated based on
different confinement models available in the literature. The average unconfined concrete
strength during the test duration was used in the calculation of fcc’. Table 4.5 shows the
concentric load carrying capacities of Specimens GGO-0 and GGG-0 calculated using
ACI 440.2R-08 [46], Benzaid et al. [47], Harries and Kharel [48], Wu et al. [49] and
Youssef et al. [50].
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Table 4.5: Comparison of confinement models
Specimen

Model
ACI 440.2R-08 [46]

GGO-0
Predicted
load P (kN) P/Pexp
2160
0.82

GGG-0
Predicted
load P (kN) P/Pexp
2275
0.99

MAPE
(%)

9.1

Benzaid et al. [47]

2149

0.82

2264

0.99

9.6

Harries and Kharel [48]

2028

0.77

2143

0.94

14.5

Wu et al. [49]

2095

0.80

2210

0.97

11.8

Youssef et al. [50]

1973

0.75

2079

0.91

16.9

It can be observed from Table 4.5 that all the existing confinement models compared in
this study were able to conservatively predict the concentric load carrying capacity of
both the Specimens GGO-0 and GGG-0. The ratio of the predicted values to the
experimental load carrying capacities (P/Pexp) calculated using Eq. (4.2) ranged from 0.75
to 0.99. Also, the confinement model proposed by ACI 440.2R-08 [46] resulted in the
least mean absolute percentage error (MAPE). It can also be concluded that the load
contribution of the GFRP bars in the axial load carrying capacity of the GFRP reinforced
concrete filled GFRP tube columns should not be ignored for accurate predictions.
4.9 Conclusions
The following conclusions are drawn based on the results and discussion:
1. The GFRP bar reinforced GPC filled GFRP tube specimens resulted in higher peak
axial loads and ductility index than the steel reinforced GPC reference specimens.
Similarly, the GFRP bar reinforced OPC filled GFRP tube specimens resulted in
higher peak axial loads and ductility index than the steel reinforced OPC reference
specimens.
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2. It can be concluded that for all eccentricities, the ductility enhancement for the GPC
based specimens (i.e. from SSG to GGG) was higher than the OPC based specimens
(i.e. from SSO to GGO) when the steel helix was replaced with GFRP tube and steel
bars were replaced with GFRP bars. On the contrary, the peak axial load
enhancement for the OPC based specimens was higher than the GPC based
specimens.
3. It can also be concluded that the effect of concrete type on the peak axial loads and
ductility was significantly reduced in the GFRP reinforced concrete filled GFRP tube
specimens than the steel reinforced specimens.
4. The peak axial loads of all the axially tested specimens decreased with the
eccentricity. Irrespective of the type of concrete, the ductility of the steel reinforced
specimens decreased with the eccentricity, whereas, the ductility of GFRP bar
reinforced CFFT specimens increased with the eccentricity. Therefore, it can be
concluded that the GFRP bar reinforced concrete filled GFRP tube specimens
performs better under load eccentricity than the steel reinforced concrete specimens.
5. The concentric load capacity of the GFRP reinforced concrete filled GFRP tube
columns can be conservatively predicted using the existing confinement models. The
proposed equation resulted in the least MAPE with the confined concrete
contribution from ACI 440.2R-08 [46].
Finally, for sustainable construction, the use of GFRP bar reinforced GPC filled GFRP
tube column can be recommended as its strength and ductility performance is comparable
to the GFRP bar reinforced OPC filled GFRP tube columns.
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Preamble
Mostly the columns in a structure are subjected to both axial loads and bending moments.
These moments are due to the misalignment of the axial load on the axial load carrying
member. Therefore, a study on structural behavior of the column can be considered as
incomplete without the load-moment interaction behavior of the column. The loadmoment interaction behavior of the FRP reinforced GPC filled FRP tube column has not
been studied in the existing literature and thus needs to be investigated.
This chapter presents an analytical model for the load-moment interaction behavior of
FRP reinforced GPC filled FRP tube columns. The layer-by layer numerical integration
method was adopted for this analytical study. The density of fibers in the matrix for FRP
bars and tubes is an important parameter. However, the tensile strength test is commonly
adopted approach in the field to determine the strength of the FRP materials and to ensure
the quality control. Therefore, the methodology adopted in this study incorporate the
tensile strength of the FRP bars to be in line with the field practices. The accuracy of the
developed model was validated by using the experimental results reported in Chapter
Three and Chapter Four. This chapter also presents a parametric study performed to
investigate the effects of the compressive strength of GPC and longitudinal reinforcement
ratio of FRP bars on the load-moment interaction behavior of the FRP reinforced GPC
filled FRP tube columns. The effect of different bar diameters of longitudinal
reinforcements was studied in this chapter using the parametric study on longitudinal
reinforcement ratio. The details of the model development, validation and parametric
study are presented in this chapter. The research findings have been published in the
Journal of Building Engineering. The published article is enclosed in this chapter.
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5.1 Abstract
In this study, the load moment (P-M) interaction behavior of geopolymer concrete (GPC)
filled fiber reinforced polymer (FRP) tube circular columns internally reinforced with
FRP bars was analytically investigated. An analytical model for the P-M interaction
behavior of the column was developed and validated against the experimental
investigation results. In addition, a parametric study was conducted to investigate the
influence of the compressive strength of the GPC and longitudinal reinforcement ratio on
the P-M interaction behavior of the column. The developed analytical model
conservatively predicted the P-M interaction behavior of the column. It was found that
the compressive strength of the GPC and the longitudinal reinforcement ratio
significantly influenced the P-M interaction behavior of the column.
5.2 Introduction
Concrete is a widely utilized material in the construction industry around the globe [1].
With an increase in the development of the infrastructure across the world, the utilization
of concrete is also increasing [2]. The annual global utilization of concrete is estimated to
be approximately ten billion tons [3]. The Ordinary Portland cement (OPC) is a primary
component of conventional concrete. The manufacturing process of OPC contributes to
the overall carbon dioxide (CO2) emissions in the atmosphere [4]. The CO2 emission leads
to global warming, which is recognized as a threat to the sustainable development of the
world [5]. Approximately, one ton of OPC manufacturing results in one ton of CO2
emission [6]. Also, the overall manufacturing of OPC contributes to 5% to 7% of the
annual CO2 emissions globally [7].
Geopolymer concrete (GPC) was developed in an attempt to replace the OPC concrete
(OPCC) and reduce the environmental impacts caused by the construction industry [8144

10]. Geopolymer concrete can be prepared by the fusion of alumina-silicate binders with
the alkaline activator. Also, the industrial wastes or by-products, including fly ash (FA)
and ground granulated blast furnace slag (GGBFS), can be utilized in the production of
GPC [11-13]. Considering GPC as green concrete, research studies around the world are
focused on exploring the new avenues of practical applications of GPC in structural
members [14, 15].
The durability of steel reinforced concrete (RC) columns is a major concern due to the
susceptibility of the corrosion of steel reinforcement in aggressive environments [16].
Fiber reinforced polymer (FRP) reinforcement was developed with a motive to address
the durability issues of RC structures by replacing steel reinforcement with FRP
reinforcement. The FRP reinforcement exhibits higher corrosion resistance, higher tensile
strength, and lower weight than the equivalent steel reinforcement [17, 18]. Several
studies explored the behavior of the FRP reinforcing bars in OPCC and GPC columns
[19-23]. The mechanical properties of FRP reinforcement differ than that of the steel
reinforcement. Higher tensile strength and lower elastic modulus are obtained by the FRP
reinforcement than the steel reinforcement [24]. The difference in the mechanical
properties results in the variance in the behavior of steel reinforced and FRP bars
reinforced concrete columns.
Concrete filled FRP tube (CFFT) columns have arisen as an attractive alternative to the
steel bar RC columns [25]. The GPC and high strength concrete (HSC) are considered
brittle concrete [26, 27]. The use of CFFT enhances the ultimate concrete compressive
strain, which improves the ductility of GPC and other HSC [26]. In addition, the use of
CFFT offers added advantages, including the use of left-in-place formwork and ease in
the construction of columns. Moreover, CFFT columns exhibit higher strength and
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ductility than the steel bar RC columns [25, 28]. Hadi et al. [29] investigated the behavior
of GPC filled basalt FRP (BFRP) tube circular column internally reinforced with BFRP
bars. Hadi et al. [29] highlighted that the BFRP reinforced GPC filled BFRP tube column
was a suitable alternative to the steel bar reinforced OPCC column with high corrosion
resistance and ductility, contributing to the development of sustainable infrastructure. The
use of GPC, BFRP bars and BFRP tube in place of OPCC, steel bars and steel helices,
respectively, increased the sustainability, corrosion resistance and ductility of the column.
Columns are primarily designed to resist axial compressive loads. However, in practice,
columns may experience the combination of axial compressive load and moments. The
moments may be produced as a result of vertical misalignment or geometric imperfections
or the position of the column in the structure [30]. The combination of axial and flexural
loads on a column influences the compressive behavior of the column and thus requires
investigation. However, a limited number of research studies were conducted on the loadmoment (P-M) interaction behavior of CFFT circular columns internally reinforced with
FRP bars [31-33]. These studies presented the methodology to develop the P-M
interaction behavior of FRP reinforced OPCC filled FRP tube columns. Recent studies
on FRP confined GPC conducted by Ozbakkaloglu and Xie [34], Lokuge and Karunasena
[35] and Ahmad et al. [36] concluded that the behavior of FRP confined GPC was
different from the behavior of FRP confined OPCC. Hence, it is significantly important
to investigate the P-M interaction behavior of the FRP reinforced GPC filled FRP tube
columns for its wide practical applications.
The P-M interaction behavior of the FRP reinforced GPC filled FRP tube circular column
has not been explored in the available literature. Also, investigations are required to
understand the influence of different parameters on the P-M interaction behavior of the
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GPC filled FRP tube circular columns internally reinforced with FRP bars. Hence, the
aim of this research study is to present a procedure for the development of the P-M
interaction behavior of the steel reinforced GPC circular columns and FRP reinforced
geopolymer concrete filled FRP tube circular columns for developing future design
guidelines. The proposed analytical approach was developed, adopting the layer-by-layer
numerical integration method. The analytical results were validated against the results of
the experimental study conducted by Hadi et al. [29] and Ahmad et al. [37]. Also, a
parametric study was conducted to ascertain the effect of compressive strength of GPC
and the ratio of longitudinal reinforcement on the P-M interaction behavior of the FRP
reinforced GPC filled FRP tube column.
5.3 Analytical modeling
5.3.1 Modeling of steel reinforced GPC
The concrete in the steel reinforced GPC circular columns was modeled as unconfined
concrete, ignoring the contribution of steel helices. This is because the contribution of
steel helices in confining the concrete up to the yielding of steel reinforcement is very
limited. Hence, the contribution of the steel helices is ignored in the calculation of load
and moment capacity of the columns [38].
5.3.1.1 Modeling of unconfined GPC
The GPC in the steel reinforced GPC columns was modeled based on the stress-strain
model of GPC presented by Sarker [39]. The model is presented in Eqs. (5.1) and (5.2).
The same model was also used by Farhan et al. [40] for steel reinforced GPC.
𝑓𝑓𝑐𝑐
𝑧𝑧𝑧𝑧
=
′
𝑓𝑓𝑐𝑐𝑐𝑐 𝑛𝑛 − 1 + 𝑧𝑧 𝑛𝑛𝑛𝑛
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(5.1)

𝑧𝑧 =

𝜀𝜀𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐

(5.2)

where fc and εc are the stress and strain, respectively, at any point on the stress-strain
curve; fco' and εco are the unconfined concrete compressive strength and corresponding
strain, respectively, as defined in ACI 440.2R-17 [41]; n and k are the curve fitting factor
and shape factor, respectively, which control the shape of ascending and descending
segments of the stress-strain curve. The factor n was calculated using Eq. (5.3), as
suggested in Sarker [39].
𝑛𝑛 = 0.8 +

𝑓𝑓𝑐𝑐′𝑐𝑐
12

(5.3)

The strain at unconfined concrete strength (εco) and k were calculated as per Collins and
Mitchell [42] and expressed by Eq. (5.4) to Eq. (5.6).

𝜀𝜀𝑐𝑐𝑐𝑐

𝑛𝑛
𝑓𝑓𝑐𝑐′𝑐𝑐
=�
�� �
𝑛𝑛 − 1 𝐸𝐸𝑐𝑐

𝑘𝑘 = 1

′
𝑓𝑓𝑐𝑐𝑐𝑐
𝑘𝑘 = 0.67 +
62

𝑓𝑓𝑓𝑓𝑓𝑓 𝑧𝑧 ≤ 1
𝑓𝑓𝑓𝑓𝑓𝑓

(5.4)
(5.5)
𝑧𝑧 > 1

(5.6)

The recommendation in Hardjito et al. [43] was used for the calculation of the modulus
of elasticity of GPC (Eq. 5.7).
𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 = 2707�𝑓𝑓𝑐𝑐′𝑐𝑐 + 5300 (MPa)

(5.7)

5.3.1.2 Modeling of steel reinforcement

The stress in the steel bar (fs) was determined using the elastic modulus and the strain in
the steel bar (εs), as presented in Eq. (5.8). It is noted that the relationship shown in Eq.
(5.8) is based on the elastic perfectly plastic behavior of the steel bar.
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𝑓𝑓𝑠𝑠 = 𝐸𝐸𝑠𝑠 𝜀𝜀𝑠𝑠 ≤ 𝑓𝑓𝑦𝑦

(5.8)

where fy and Es are the yield stress and the elastic modulus of the steel bar, respectively.
5.3.2 Modeling of FRP reinforced GPC filled FRP tube columns
The GPC in the FRP reinforced GPC filled FRP tube circular columns was modeled as
the confined geopolymer concrete.
5.3.2.1 Modeling of confined GPC
The stress-strain model for FRP confined GPC is not available in the literature. Ahmad
et al. [36] tested FRP confined GPC and compared the test results with different
confinement models available for FRP confined OPCC. Ahmad et al. [36] reported that
the model presented in Youssef et al. [44] for FRP confined OPCC was able to predict
the peak compressive stress and corresponding strain of FRP confined GPC with the least
average absolute error. Also, the stress-strain curve of the FRP confined GPC developed
using Youssef et al. [44] model was close to the experimental stress-strain curve of the
FRP confined GPC. Thus, the model suggested in Youssef et al. [44] with a few
modifications was adopted in this study for modeling the behavior of FRP confined GPC.
One of the modifications was replacing the elastic modulus of OPCC with the elastic
modulus of GPC, which was determined using Eq. (5.7). Also, Lam and Teng [45]
observed that the use of actual maximum confinement pressure of the FRP confinement
could result in better prediction of confined concrete behavior, as compared to the use of
maximum confinement pressure. The actual maximum confinement pressure is based on
the hoop rupture strain of the FRP confinement. The maximum confinement pressure
provided by the FRP tube in the model proposed by Youssef et al. [44] was replaced with
the actual maximum confinement pressure, which can be calculated based on the
recommendation in ACI 440.2R-17 [41].
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Youssef et al. [44] presented the stress-strain model for FRP confined OPCC with two
branches and is expressed by Eqs. (5.9) and (5.10).
1

𝑓𝑓𝑐𝑐 = 𝜀𝜀𝑐𝑐 𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 �1 − 𝑛𝑛′ �1 − 𝐸𝐸

𝐸𝐸2

𝐺𝐺𝐺𝐺𝐺𝐺

𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑡𝑡 + 𝐸𝐸2 (𝜀𝜀𝑐𝑐 − 𝜀𝜀𝑡𝑡 )

′
𝜀𝜀𝑐𝑐 𝑛𝑛 −1

� �𝜀𝜀 �
𝑡𝑡

for

�

for

0 ≤ 𝜀𝜀𝑐𝑐 ≤ 𝜀𝜀𝑡𝑡

𝜀𝜀𝑡𝑡 ≤ 𝜀𝜀𝑐𝑐 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐

(5.9)
(5.10)

where fc, εc, EGPC and E2 are the stress at any point of confined GPC, strain at any point
of confined GPC, modulus of elasticity of GPC determined from Eq. (5.7) and slope of
the second branch of the stress-strain curve, respectively. The stress and strain at the
transition point between the two branches of the stress-strain curve are denoted by ft and
εt, respectively. The factor n' is the curve fitting factor and can be determined from Eq.
(5.11).
𝑛𝑛′ =

(𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 − 𝐸𝐸2 )𝜀𝜀𝑡𝑡
𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 𝜀𝜀𝑡𝑡 − 𝑓𝑓𝑡𝑡

(5.11)

The stress and strain at the transition point can be determined using Eqs. (5.12) and (5.13),
respectively.

𝑓𝑓𝑡𝑡 =

𝑓𝑓𝑐𝑐′𝑐𝑐

+

3𝑓𝑓𝑐𝑐′𝑐𝑐

𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 𝜀𝜀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 1.25
�
�
𝑓𝑓𝑐𝑐′𝑐𝑐
6

(5.12)
1

𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 𝜀𝜀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 7 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 2
𝜀𝜀𝑡𝑡 = 0.002748 + 0.1169 �
� �
�
𝑓𝑓𝑐𝑐′𝑐𝑐
𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓

(5.13)

where ffrp, ρfrp and εtfrp are the ultimate tensile stress of the FRP tube in the circumferential
direction as determined from the material tests, volumetric ratio of the FRP tube
confinement and strain in the FRP tube at the transition point, respectively. The
volumetric ratio of FRP tube confinement can be determined using Eq. (5.14).
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𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓 =

4𝑡𝑡
𝐷𝐷

(5.14)

where t is the thicknes and D is the diameter of the FRP tube, respectively. The strain in
the FRP tube at the transition point (εtfrp) was considered 0.002, as suggested by Youssef
et al. [44]. The slope of the second branch of the stress-strain curve can be determined
using Eq. (5.15).
𝐸𝐸2 =

𝑓𝑓𝑐𝑐′𝑐𝑐 − 𝑓𝑓𝑐𝑐′𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐 − 𝜀𝜀𝑡𝑡

(5.15)

The ultimate compressive stress (fcc') and ultimate compressive strain (εcu) conditions of
the FRP confined GPC were determined with the relationships presented in Eqs. (5.16)
and (5.17), respectively.

′
′
𝑓𝑓𝑐𝑐𝑐𝑐′ = 𝑓𝑓𝑐𝑐𝑐𝑐
+ 2.25𝑓𝑓𝑐𝑐𝑐𝑐
�

𝜀𝜀𝑐𝑐𝑐𝑐

𝑓𝑓𝑙𝑙,𝑎𝑎 1.25
�
′
𝑓𝑓𝑐𝑐𝑐𝑐

(5.16)
0.5

𝑓𝑓𝑙𝑙,𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
= 0.003368 + 0.2590 � ′ � �
�
𝑓𝑓𝑐𝑐𝑐𝑐 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓

(5.17)

where fl,a is the actual confinement pressure, which can be determined using Eq. (5.18),
as recommended in ACI 440.2R-17 [41].

𝑓𝑓𝑙𝑙,𝑎𝑎 =

2𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟
𝐷𝐷

𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝜀𝜀 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓

(5.18)

(5.19)

where εh,rup is the rupture strain of FRP tube in the circumferential direction, which can
be determined by using Eq. (5.19). In Eq. (5.19), εfrp is the ultimate tensile strain of the
FRP tube in the circumferential direction and kε is the FRP strain efficiency factor, as
defined in ACI 440.2R-17 [41]. A value of 0.55 was used for the FRP strain efficiency
factor, as recommended in ACI 440.2R-17 [41].
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5.3.2.2 Modeling of FRP bars
The stress in the FRP reinforcing bar (fb) at a particular strain (εb) was determined as a
function of the elastic modulus of the FRP bar (Eb). The relationship between stress and
strain of the FRP bar is linear elastic until the rupture of FRP bar and is expressed as Eq.
(5.20).
𝑓𝑓𝑏𝑏 = 𝐸𝐸𝑏𝑏 𝜀𝜀𝑏𝑏

(5.20)

5.4 Analytical load moment interactions

Based on the presented material models, an analytical model for the P-M interaction
diagram of FRP reinforced GPC filled FRP tube column was developed. The
development of the analytical model for the P-M interaction diagram has been briefly
discussed below.
5.4.1 Columns under concentric load
The first point on a P-M interaction diagram is on the load axis representing the column
under concentric axial load. The axial load capacity (Pns) of the steel reinforced GPC
column was calculated using Eq. (5.21), as suggested in ACI 318-19 [38]. A similar
expression was also used for modeling the steel reinforced geopolymer concrete columns
in Farhan et al. [40]
𝑃𝑃𝑛𝑛𝑛𝑛 = 𝛼𝛼𝑓𝑓𝑐𝑐′ �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝑓𝑓𝑦𝑦 𝐴𝐴𝑠𝑠

(5.21)

where α is the strength reduction factor; fc' is the average compressive strength of concrete
at 28 days; fy is the yield strength of steel; Ag represents the gross cross-sectional area of
the column; As refers to the cross-sectional area of steel bars, respectively. The axial load
capacity (Pnb) of FRP reinforced GPC filled FRP tube columns was calculated using Eq.
(5.22), based on the recommendations in Maranan et al. [22].
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𝑃𝑃𝑛𝑛𝑛𝑛 = 𝛼𝛼𝑓𝑓𝑐𝑐′𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑏𝑏 � + 𝐸𝐸𝑏𝑏 𝜀𝜀𝑓𝑓 𝐴𝐴𝑏𝑏

(5.22)

where Ab is the cross-sectional area of FRP bars and εf is the strain in the FRP bar at
failure. It was assumed that the bond between the FRP bar and surrounding GPC is
perfect. Therefore, the strain in the FRP bar at the failure of the column was considered
to be equal to εcu for the FRP reinforced GPC filled FRP tube columns. The strength
reduction factor (α) of 0.85 has been been adopted in numerous research studies on OPCC
columns. However, Maranan et al. [22] recommended that the strength reduction factor
for GPC should be higher than the strength reduction factor for OPCC. Hence, the
strength reduction factor for GPCC was considered as 0.9, based on the recommendation
in Maranan et al. [22].
5.4.2 Columns under eccentric and flexural load
The load and moment capacity of the columns under eccentric and pure bending loads
were determined using the layer-by-layer numerical integration method. This method has
been used in several research studies for the development of P-M interaction curves [24,
31, 33, 40]. The feasibility of this method to investigate the P-M interaction behavior of
the FRP tube confined FRP reinforced GPC has not been assessed yet. In this method, the
cross-section of the column was assumed to consist of m horizontal layers, as shown in
Fig. 5.1. The accuracy of the result increases with the reduction in the thickness of the
layer. Thus, in this study, the thickness of each layer was assumed to be 1 mm. Figures
5.1(a) and 5.1(b) show the strain, stress and force distribution along the cross-section of
steel reinforced GPC column and FRP reinforced GPC filled FRP tube column,
respectively. The following assumptions were made for developing the analytical
procedure.
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a. A plane section remains plane before and after bending.
b. The strain distribution along the cross-section of the column is linear.
c. The strain in a single layer is uniform.
d. The tensile strength of GPC is ignored, as the tensile strength of GPC is significantly
lower than its compressive strength.
e. The compressive strength of FRP tube is ignored, as the majority of the fibers in the
tube were oriented in the hoop direction and did not contribute to the strength in the
longitudinal direction.
f. The bond between steel or FRP bars and surrounding GPC is perfect.
g. The composite action between the FRP tube and GPC is fully developed.
A neutral axis depth (c) was assumed to start the procedure. The strain at the center of
each layer can be determined using Eq. (5.23).

𝜀𝜀𝑐𝑐𝑐𝑐 = �

1
𝑐𝑐 − �𝑖𝑖 − 2� 𝑡𝑡𝑖𝑖
𝑐𝑐

� 𝜀𝜀𝑐𝑐𝑐𝑐

(5.23)

where i is the number of the layer from extreme compression face, ti is the thickness of
the layer and εcu is the ultimate concrete strain at the extreme compression face. The value
of εcu was used as 0.003 for steel reinforced unconfined GPC columns. Whereas for the
FRP tube confined columns, εcu was calculated using Eq. (5.17). The stress (fci) in each
layer of concrete for steel reinforced GPC columns was calculated using Eq. (5.1). The fci
for confined GPC in case of tube confined columns was calculated using the stress-strain
model presented in Eqs. (5.9) and (5.10). The force resulting in each concrete layer (Fci)
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for steel bar reinforced GPC columns or FRP tube confined GPC columns was calculated
using Eq. (5.24).

𝐹𝐹𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐 𝐴𝐴𝑖𝑖

(5.24)

where Ai is the area of concrete layer only, which was calculated by multiplying the
thickness of the layer (1 mm in this study) with the average width (bi).
The average width (bi) is the width of the concrete layer, excluding the external FRP tube,
which was calculated using Eq. (5.25).

2
𝐷𝐷 2
𝐷𝐷
1
𝑏𝑏𝑖𝑖 = 2�� � − � − �𝑖𝑖 − � 𝑡𝑡𝑖𝑖 �
2
2
2

(5.25)

where ti refers to the thickness of the layer; D refers to the diameter of the infill concrete.
The average width for FRP tube confined columns (bo) was calculated using Eq. (5.25)
by replacing D with Do (outer diameter of FRP tube). For the FRP tube confined GPC
columns, the tensile force due to the FRP tube at mid-height of each layer was determined
using Eq. (5.26).

𝐹𝐹𝑡𝑡𝑡𝑡 = 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝜀𝜀𝑐𝑐𝑐𝑐 (𝐴𝐴𝑜𝑜 − 𝐴𝐴𝑖𝑖 )

(5.26)

where Elfrp is the elastic modulus of FRP tube in the longitudinal direction and Ao is the
total area of the layer, including the concrete and the FRP tube, which was determined by
multiplying the total width of the layer (bo) with the thickness of the layer (ti).

155

Fig. 5.1: Stress-strain distribution for the computation of P-M interactions of (a) steel reinforced GPC (b) FRP reinforced GPC filled FRP tube
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The tensile force in the concrete was assumed to be zero for the layers under tension.
Similarly, the compressive force (Fti) in the FRP tube was assumed to be zero, where the
layers were subjected to compressive strain. The strain in each reinforcing bar (either steel
(εsi) or FRP (εbi)) was calculated using Eq. (5.27)

𝜀𝜀𝑖𝑖 = �

𝑐𝑐 − 𝑑𝑑𝑖𝑖
� 𝜀𝜀𝑐𝑐𝑐𝑐
𝑐𝑐

(5.27)

where di is the distance of the reinforcing bar from the extreme compression fiber. The
stresses in each steel and FRP reinforcing bar were calculated using Eqs. (5.28) and
(5.29), respectively.
𝑓𝑓𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑠𝑠 𝜀𝜀𝑠𝑠𝑠𝑠 ≤ 𝑓𝑓𝑦𝑦

(5.28)

𝑓𝑓𝑏𝑏𝑏𝑏 = 𝐸𝐸𝑏𝑏 𝜀𝜀𝑏𝑏𝑏𝑏 ≤ 𝑓𝑓𝑏𝑏𝑏𝑏

(5.29)

𝐹𝐹𝑠𝑠𝑖𝑖 = 𝑓𝑓𝑠𝑠𝑠𝑠 𝐴𝐴𝑠𝑠𝑠𝑠

(5.30)

The forces in each steel bar (Fsi) and FRP bar (Fbi) were determined using Eqs. (5.30) and
(5.31), respectively.

𝐹𝐹𝑏𝑏𝑏𝑏 = 𝑓𝑓𝑏𝑏𝑏𝑏 𝐴𝐴𝑏𝑏𝑏𝑏

(5.31)

The areas of the longitudinal steel reinforcing bars and FRP reinforcing bars were taken
into account in the calculation of forces of both the concrete and the reinforcement bars.
Therefore, the contribution of the concrete area substituted by reinforcement bars was
deducted from the load and moment capacities to avoid overestimation. The strain in
concrete at the level of reinforcing bar (εcdi) was calculated using Eq. (5.27). The stress
in the concrete (fcdi) at the level of the respective reinforcing bar was calculated by
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replacing the respective strain (εcdi) in Eq. (5.1) for steel reinforcement and Eqs. (5.9) and
(5.10) for FRP reinforcement. The compressive force and corresponding moment due to
the concrete at the reinforcing bar area were calculated using Eq. (5.32) and Eq. (5.33),
respectively.

𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝑖𝑖

𝐷𝐷
𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 � − 𝑑𝑑𝑖𝑖 �
2

(5.32)

(5.33)

where Ai is the area of the steel bar (Asi) or the FRP bar (Abi) at any level, fcdi is the stress
at the level of the steel bar (fsdi) or the FRP bar (fbdi), Fcdi is the force in the area of concrete
replaced by the steel bar (Fsdi) or the FRP bar (Fbdi), and Msdi is the moment due to the
area of concrete replaced by the steel bar (Msdi) or FRP bar (Mbdi).
The eccentric load capacities of the steel reinforced GPC columns (Pns) and FRP
reinforced GPC filled FRP tube columns (Pnb) were determined using Eqs. (5.34) and
(5.35), respectively.
𝑃𝑃𝑛𝑛𝑛𝑛 = �(𝐹𝐹𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑡𝑡𝑡𝑡 ) + � 𝐹𝐹𝑠𝑠𝑠𝑠 − � 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠

(5.34)

𝑃𝑃𝑛𝑛𝑛𝑛 = �(𝐹𝐹𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑡𝑡𝑡𝑡 ) + � 𝐹𝐹𝑏𝑏𝑏𝑏 − � 𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏

(5.35)

The moment capacities of the steel reinforced GPC columns (Mns) and the FRP reinforced
GPC filled FRP tube columns (Mnb) were calculated by using Eqs. (5.36) and (5.37),
respectively.
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𝐷𝐷
1
𝐷𝐷
𝑀𝑀𝑛𝑛𝑛𝑛 = �(𝐹𝐹𝑐𝑐𝑐𝑐 ) � − �𝑖𝑖 − � 𝑡𝑡𝑖𝑖 � + � 𝐹𝐹𝑠𝑠𝑠𝑠 � − 𝑑𝑑𝑖𝑖 � − � 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠
2
2
2
𝑀𝑀𝑛𝑛𝑛𝑛 = �(𝐹𝐹𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑡𝑡𝑡𝑡 ) �

1
𝐷𝐷𝑜𝑜
𝐷𝐷𝑜𝑜
− �𝑖𝑖 − � 𝑡𝑡𝑖𝑖 � + � 𝐹𝐹𝑏𝑏𝑖𝑖 � − 𝑑𝑑𝑖𝑖 � − � 𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏
2
2
2

(5.36)

(5.37)

The developed methodology was programmed in MS Excel to calculate the load and
moment capacity at a particular eccentricity.
5.5 Validation of the developed methodology
5.5.1 Brief description of experimental results
The experimental program used to validate the developed methodology for the P-M
interaction behavior of the FRP reinforced GPC filled FRP tube column consisted of
twelve specimens. The experimental results and the details of the preparation,
instrumentation and testing procedure have already been presented in Hadi et al. [29] and
Ahmad et al. [37]. Table 5.1 shows the test matrix used in this study. The specimens were
classified in three groups. The first group consisted of the steel reinforced GPC reference
(R) columns with 200 mm diameter and 800 mm height. The steel reinforced specimens
were reinforced longitudinally with 12 mm diameter steel bars and transversally with
helices of 10 mm plain steel bar with 60 mm pitch. The second group included BFRP bar
reinforced GPC filled BFRP tube columns (BGBT). The specimens in the second group
were reinforced internally with 15 mm diameter longitudinal BFRP bars. The third group
included glass FRP (GFRP) bar reinforced GPC filled GFRP tube columns (GGGT). The
diameter of GFRP bars used for reinforcing the third group was 17 mm. The internal
diameter of both the GFRP and BFRP tubes was 200 mm with a thickness of 1.5 mm.
The height of each tube column was 812 mm. Each group consists four specimens. One
specimen from each group was subjected to pure concentric axial load. Two specimens
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of each group were subjected to eccentric axial loads; one under 25 mm and one under
50 mm eccentricity. The last specimen from each group was subjected to pure flexural
load.
Table 5.1: Test matrix
Group
Specimen Longitudinal
designation designation reinforcement
R-0
R-25
Steel bars
R
R-50
R-F
BGBT-0
BGBT-25
BFRP bars
BGBT
BGBT-50
BGBT-F
GGGT-0
GGGT-25
GFRP bars
GGGT
GGGT-50
GGGT-F

Lateral
confinement
Steel helix

BFRP tube

GFRP tube

Loading
eccentricity
0
25
50
Flexure
0
25
50
Flexure
0
25
50
Flexure

The average compressive strength of GPC at 28 days was 47 MPa determined by testing
the cylinder of 153 mm diameter and 306 mm height. The steel and FRP bars were tested
in tension in accordance with AS1391-07 [46] and ASTM D7205/D7205M-11 [47],
respectively. The average tensile strength of steel, BFRP and GFRP bars was 650 MPa,
778 MPa and 749 MPa, respectively. The elastic modulus of the BFRP and GFRP tubes
in the circumferential direction was 42.3 GPa and 57 GPa, respectively, tested in
accordance with ASTM D2290-08 [48]. The details of the tests conducted to determine
the mechanical properties of the materials can be found in Hadi et al. [29] and Ahmad et
al. [37].
Experimental P-M interaction points were determined for all the specimens. The
experimental load and moment values are shown in Table 5.2.
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Table 5.2: Experimental and analytical peak loads and moments
Specimen
designation
R-0
R-25
R-50
R-F
BGBT-0
BGBT-25
BGBT-50
BGBT-F
GGGT-0
GGGT-25
GGGT-50
GGGT-F

Experimental
Load
Moment
(kN)
(kN.m)
1946
0
1207
30
694
35
0
28
1810
0
1159
29
660
33
0
34
2283
0
1354
34
826
41
0
38

Analytical
Load
Moment
(kN)
(kN.m)
1707
0
912
23
555
28
0
22
1649
0
1101
27
704
35
0
34
1822
0
1178
29
753
38
0
37

The experimental P-M interactions were plotted in Fig. 5.2 for all three groups of
specimens. For concentric and eccentric loaded specimens, the axial load was determined
as the peak load resisted by each specimen. For eccentrically loaded specimens, the
bending moment was determined using Eq. (5.38)

𝑀𝑀 = 𝑃𝑃(𝑒𝑒)

(5.38)

where M, P and e are the moment capacity, peak load and eccentricity, respectively. For
the specimens tested under flexural load, the moment was calculated using Eq. (5.39)

𝑀𝑀 =

𝑃𝑃𝑃𝑃
6

(5.39)

where P is the peak load experienced by the test specimen under flexural load and l is the
span of the test specimen.
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5.5.2 Comparison of experimental and analytical P-M interactions
Table 5.2 shows the experimental and analytical loads and moments for each tested
specimen. The experimental P-M interaction points for all the three groups are compared
with the analytical P-M interaction points in Fig. 5.2. It can be observed from Fig. 5.2(a)
that for Group R, the stress-strain model presented in Sarker [39] provided reasonable
correlations with the experimental P-M interaction diagram. For Specimens R-0, R-25
and R-50, the analytical axial loads calculated with the proposed model were 88%, 75%
and 80% of the experimental loads, respectively. Also, the analytical moments calculated
with the same model for Specimens R-25, R-50 and R-F were 76%, 80% and 78% of the
experimental moments, respectively. The difference between the experimental and
analytical results might be due to the assumptions made in this study. Although the
contribution of the steel helices was ignored, the steel helices might have provided some
confinement in increasing the compressive strength of concrete, which might led to the
difference in analytical and experimental capacities.
It can be noticed from Fig. 5.2(a) that the analytical P-M interaction curve drawn with the
developed model matched well with the experimental P-M interaction curve. This shows
that the model developed in this study is conservative and can be used to design the steel
reinforced GPC columns.
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(a)

(b)

(c)
Fig. 5.2: Experimental and analytical P-M interaction diagrams of (a) Group R; (b)
Group BGBT; (c) Group GGGT.
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The comparison of the experimental and the analytical P-M interaction diagrams for
Groups BGBT and GGGT is shown in Figs. 5.2(b) and 5.2(c), respectively. The analytical
load capacity calculated with the proposed model for Specimens BGBT-0, BGBT-25,
BGBT-50, GGGT-0, GGGT-25 and GGGT-50 was 91%, 95%, 106%, 80%, 87% and
91% of the experimental load capacity, respectively. This shows that the proposed model
conservatively predicted the load capacity of all the specimens in both the groups except
Specimen BGBT-50.
The analytical moment capacities calculated with the proposed model for Specimens
BGBT-25, BGBT-50, BGBT-F, GGGT-25, GGGT-50 and GGGT-F were 95%, 106%,
99%, 87%, 91% and 99% of the experimental moment capacity, respectively. The load
and moment capacities for Specimen BGBT-50 were overestimated by 6%. This might
be due to the minor misalignment and increase in the load eccentricity, which caused the
reduction in the experimental axial load and moment capacities. It can be noticed from
Fig. 5.2(b) and Fig. 5.2(c) that the proposed model reasonably predicted the load and
moment capacities of the FRP reinforced GPC filled FRP tube columns. Therefore, it can
be deduced that the analytical procedure developed using the stress-strain model of
Youssef et al. [44] can be used for the development of the P-M interaction behavior of
FRP reinforced GPC filled FRP tube columns.
5.6 Parametric study
The developed analytical approach presented in this study was used to conduct a
parametric study. The influence of the compressive strength of GPC (fc') and the
longitudinal reinforcement ratio (ρ) on the P-M interaction behavior of the FRP bar
reinforced GPC filled FRP tube columns was investigated. All the other parameters,
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including cross-sectional dimension and height of the column, were used similar to those
used in the experimental study.
5.6.1 Effect of the compressive strength of GPC
Five different compressive strengths of GPC (40, 50, 60, 70 and 80 MPa) were used to
ascertain the effect on the P-M interaction behavior of the FRP bar reinforced GPC filled
FRP tube column. Figures 5.3(a) and 5.3(b) show the effect of the compressive strength
of GPC on P-M interaction behavior of Groups BGBT and GGGT, respectively.

(a)

(b)
Fig. 5.3: Effect of compressive strength of GPC on P-M interaction curves for (a) Group
BGBT and (b) Group GGGT
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As expected, the increase in the compressive strength of GPC led to an overall increase
in the load and moment capacities of both groups. With the increase of fc' of GPC from
40 MPa to 80 MPa, Groups BGBT and GGGT experienced an average increase of 45%
in the concentric load carrying capacity and 11% in the pure bending moment capacity.
The increase is significant in concentric axial load capacity as compared to the pure
bending capacity. It can be attributed to the fact that the compressive strength of GPC has
a dominant role in the axial load carrying capacity of the column as compared to the pure
bending moment capacity of the column. Thus, the load and moment capacities of the
FRP bar reinforced GPC filled FRP tube columns can be significantly improved with the
use of high strength GPC.
5.6.2 Effect of the longitudinal reinforcement ratio
The longitudinal reinforcement ratio (ρ) is one of the main parameters in the P-M
interaction behavior of the proposed column type. The minimum and maximum limits of
the longitudinal reinforcement ratio in a column as per ACI 318-19 [38] are 1% and 8%,
respectively. Five different longitudinal reinforcement ratios (1.45%, 2.46%, 3.27%,
5.25% and 7.05%) for different FRP bar sizes (10 mm, 13 mm, 15 mm, 19 mm and 22
mm) were used to conduct the parametric study. The longitudinal reinforcement ratios
were varied while keeping all the other parameters constant. The influence of the
longitudinal reinforcement ratio on the P-M interaction behavior of Group BGBT and
GGGT is shown in Figs. 5.4(a) and 5.4(b), respectively.
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(a)

(b)
Fig. 5.4: Effect of longitudinal reinforcement ratio on P-M interaction curves for (a)
Group BGBT and (b) Group GGGT
It can be observed that Groups BGBT and GGGT experienced an average increase of
33% in the concentric load capacity and 41% in the pure bending capacity when the ρ
was increased from 1.45% to 7.05%. The enhancement of pure bending capacity with the
increase of the reinforcement ratio was significant. This is because, under pure bending
condition, the internal FRP bars were in tension and the tensile strength of FRP bar is
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higher than its compressive strength. In addition, it can be noticed that with the increase
in ρ, Groups BGBT and GGGT showed almost a similar increase in the load and moment
capacities of both the groups.
5.7 Conclusions
This study investigated the P-M interaction behavior of the GPC filled FRP tube columns
internally reinforced with FRP bars. The layer-by-layer numerical integration approach
was used. The theoretical approach was validated against the experimental results. In
addition, a parametric study was carried out to understand the effects of the compressive
strength of GPC and longitudinal reinforcement ratio on the P-M interaction behavior of
the column. The conclusions deduced from the study are summarized as follows:
1. An analytical model was developed in this study to predict the P-M interaction behavior
of the FRP reinforced GPC filled FRP tube columns. The developed model is capable of
predicting load and moment capacities of the FRP reinforced GPC filled FRP tube
columns with a reasonably good accuracy.
2. The increase of compressive strength of GPC from 40 MPa to 80 MPa resulted in an
average increase of about 45% in the axial load capacity of the FRP reinforced GPC filled
FRP tube columns.
3. The average increase in the moment capacities of the FRP reinforced GPC filled FRP
tube columns was approximately 41%, with the increase of longitudinal reinforcement
ratio from 1.45% to 7.05%. Also, the analytical investigation revealed that the increase in
moment capacities for BFRP and GFRP reinforced specimens was similar for the increase
of the same amount of longitudinal reinforcement.
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6.

Chapter six: Summary, Conclusions and recommendations for future
research

6.1 Summary
The main goal of this research study was to develop a sustainable column for
infrastructure development. This research study was focused to investigate the behavior
of FRP reinforced GPC filled FRP tube columns under different loading conditions. The
study of the behavior of FRP confined geopolymer concrete was also an objective of this
study. Two experimental programs were executed to achieve all the objectives of the
study. In the first component the behavior of FRP confined geopolymer concrete was
studied and results were compared with the existing confinement models available for the
FRP confined OPC. This component of the study highlighted the difference in the
behavior of FRP confined GPC with the FRP confined OPC.
In the second component, FRP reinforced GPC filled FRP tube columns were tested under
different loading conditions. The main parameters investigated in the experimental
program were the type of concrete (OPC and GPC), type of longitudinal reinforcement
(steel, BFRP and GFRP), type of confinement (internal steel helices, external BFRP tube
and external GFRP tube) and type of loading (axial concentric, axial eccentric and fourpoint bending). The failure mode, peak axial load and ductility of the specimens were
studied. Both experimental programs were carried out in the laboratories of the School of
Civil, Mining and Environmental Engineering, University of Wollongong, Australia.
A theoretical equation for the axial load carrying capacity of the FRP reinforced concrete
filled FRP tube column was proposed. The confinement contribution of the FRP tube was
calculated using different models and the results of load carrying capacities were
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compared. Also, an analytical model was developed to predict the load-moment (P-M)
interaction behavior of the FRP reinforced GPC filled FRP tube columns. In addition,
parametric studies were conducted to ascertain the effects of longitudinal reinforcement
ratio and compressive strength of GPC on the P-M interaction behavior of the proposed
column.
6.2 Conclusions
Based on all the experimental studies and the analytical investigations conducted during
the course of this study, the following conclusions can be drawn:
1. The performance of BFRP confinement on GPC is comparable to the GFRP
confinement on the GPC. However, BFRP confinement is based on a natural mineral fiber
and has better mechanical properties than GFRP. Therefore, BFRP confined GPC can be
used as a proposed solution to the sustainability challenges in the construction industry.
2. The stress-strain behavior of FRP confined GPC is different than the FRP confined
OPC. A higher transition stress was observed in FRP confined GPC. Also, the existing
confinement models for FRP confined OPC can be used to predict the peak axial stress
and strain at peak stress. However, the complete stress-strain behavior of FRP confined
GPC cannot be accurately predicted using the existing confinement models for FRP
confined OPC.
3. The failure of the steel reinforced GPC and OPC columns was initiated with the
buckling and then rupture of the longitudinal steel bars. The rupture of steel helices
resulted in the total failure of the columns. The difference in the failure mode of steel
reinforced GPC column and steel reinforced OPC column was a sudden drop of load after
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the peak load in steel reinforced GPC columns. This was due to the brittle nature of the
GPC.
4. The axial load-axial deformation behavior of the FRP reinforced GPC filled FRP tube
column and FRP reinforced OPC filled FRP tube column was bilinear. In case of GPC
filled columns, at the end of the first linear branch of the load-deformation curve there
was a drop in load before the second linear branch started ascending. The drop is evident
of the brittle nature of the GPC in the tube which might resulted in a sudden disintegration
of concrete after the compressive strength of GPC is reached. However, the external FRP
tube confinement held the column intact and increased the ductility performance of the
GPC based columns.
5. The replacement of OPC with GPC, steel longitudinal bars with BFRP bars and steel
helices with external BFRP tube resulted in a 25% increase in the concentric load capacity
and 101% increase in ductility.
6. The reference steel reinforced OPC column and BFRP reinforced GPC filled BFRP
tube column resulted in almost similar decrease in the load carrying capacity with the
increase in the load eccentricity. Similarly, the steel reinforced columns experienced a
decrease in ductility with the increase in load eccentricity. On the other hand, the BFRP
reinforced GPC filled BFRP tube columns resulted in an increase in the ductility with the
increase in load eccentricity. This is due to the higher axial and lateral deformation
experienced by the the BFRP reinforced GPC filled BFRP tube columns.
7. The replacement of OPC with GPC, steel longitudinal bars with GFRP bars and steel
helices with external GFRP tube resulted in a 57% increase in the concentric load capacity
and 40% increase in ductility.
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8. The increase in ductility due to replacement of steel bars with FRP bars and steel helices
with FRP tube is higher for GPC based specimens as compared to OPC based specimens.
This led to the conclusion that GPC filled FRP tube column performance in terms of
ductility is better than the OPC filled FRP tube column.
9. Overall the performance of BFRP reinforced GPC filled BFRP tube column and GFRP
reinforced GPC filled GFRP tube columns were comparable to the BFRP reinforced OPC
filled BFRP tube column and GFRP reinforced OPC filled FRP tube column,
respectively. This led to the conclusion that OPC can be replaced with GPC in the
concrete filled FRP tube columns to improve the sustainability without compromising the
structural performance of the column.
10. The study used a theoretical equation to predict the concentric load capacity of the
FRP reinforced GPC filled FRP tube columns. The contribution of FRP bars was
calculated based on its compressive strength. The confined concrete strength contribution
in the load carrying capacity was calculated using the existing confinement models for
FRP confined OPC. The confinement model presented by the ACI Committee 440 found
to be able to predict the concentric load capacity with the least error.
11. An analytical model for the prediction of P-M interaction curve for FRP reinforced
GPC filled FRP tube column was developed in this study. The developed model was
capable to predict the load and moment capacities of FRP reinforced GPC filled FRP tube
column with a reasonable accuracy.
12. The parametric study on the developed model showed that the increase in the
compressive strength of GPC from 40 MPa to 80 MPa resulted in an average increase of
45% in the concentric load capacity of the FRP reinforced GPC filled FRP tube columns.
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13. The parametric study on the developed model also showed that the increase in
longitudinal reinforcement ratio resulted in a 33% increase in the concentric load capacity
and 41% increase in the pure bending capacity. This showed that the FRP bars contribute
to the concentric load as well as in the pure bending. Therefore, the contribution of FRP
bars in both cases should be included in the calculations.
Finally, the experimental and analytical investigations reported in this study revealed that
the FRP reinforced GPC filled FRP tube column can be used as a suitable alternative to
the OPC column reinforced with longitudinal steel bars and steel helices without
compromising the structural performance requirements.
6.3 Recommendations for future research
The research findings of this study resulted in the following recommendations for the
future research studies
1. Stress-strain model for the FRP confined geopolymer concrete is recommended to be
developed in the future.
2. Experimental and analytical investigations on sea water-sea sand geopolymer concrete
filled FRP tube columns under different loading conditions are recommended to be
conducted in future research studies.
3. Experimental and analytical investigations on the structural behavior of the FRP
reinforced hollow core geopolymer concrete filled FRP tube columns under different
loading conditions are recommended to be performed in the future research studies.
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Preamble
Reinforced concrete columns are often exposed to a combination of axial load and
bending moment. This may be because of the construction errors, moving loads or due to
the unbalanced moments from the attached concrete members such as beams. Therefore,
it is essential to investigate the load-moment (P-M) interaction diagrams of reinforced
concrete columns subjected to different loading conditions.
This appendix presents an analytical model developed using the numerical integration
(layer-by-layer) method for the P-M interaction diagrams of circular geopolymer concrete
columns reinforced with GFRP bars and GFRP helices. The accuracy of the prediction of
the developed model was verified using the experimental results from the literature. In
this appendix, a detailed parametric study was also conducted to study the effect of the
compressive strength of geopolymer concrete and the longitudinal reinforcement ratio on
the axial and flexural behavior of GFRP bar reinforced geopolymer concrete columns.
The analytical layer-by-layer method used to establish the P-M interaction diagrams for
GFRP bar reinforced geopolymer concrete columns, verification of the developed model
and detailed parametric study are discussed in the following sections of this appendix.
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A.1 Abstract
This study presents an analytical model for the load-moment (P-M) interactions of
circular geopolymer concrete (GPC) columns reinforced with glass fiber reinforced
polymer (GFRP) bars and GFRP helices. The analytical P-M interactions of GPC
columns were developed using the layer-by-layer numerical integration method. The
analytical predictions of GFRP reinforced GPC columns were then validated using the
experimental results from a previous study on the behaviour of GFRP reinforced GPC
columns under different loading conditions. It was found that the developed analytical
model predicted the load and moment capacities of GFRP reinforced GPC columns with
good accuracy. Further, a parametric study showed that the influence of increasing the
compressive strength of GPC was more pronounced on P-M interactions of GPC columns
under concentric and low level of eccentric axial loadings. Also, the increase in
longitudinal reinforcement ratio resulted in significant improvements in the moment
capacities of GPC columns reinforced with GFRP bars and GFRP helices.
A.2 Introduction
In the last two decades, geopolymer concrete (GPC) gained significant attention across
the world for practical applications in the construction industry. The increasing demand
for the GPC is primarily attributed to its environment friendly composition. The
production of GPC utilises industrial by-products such as blast furnace slag and fly ash
[1]. Therefore, the usage of GPC involves less CO2 emissions than the usage of ordinary
Portland cement (OPC) concrete [2]. McLellan et al. [3] and Habert et al. [4] concluded
that the consumption of GPC emits approximately 35% less CO2 to the atmosphere than
the consumption of conventional OPC concrete. The overall mechanical properties of
GPC are as good as OPC concrete with significantly high chemical and fire resistance [5184

7]. Hence, GPC is a suitable alternative to OPC concrete with significant environmental
and economic benefits.
The durability of steel reinforced concrete (RC) structures in aggressive (marine)
environments is a major concern due to the corrosion of steel reinforcement. Therefore,
in recent years, major advancements in the fiber reinforced polymer (FRP) reinforcement
were observed [8-13]. In comparison with steel bars, FRP bars possess high corrosion
and electromagnetic resistance with high tensile strength [8, 14-16]. However, apart from
the several advantageous properties, FRP bars are anisotropic and possess low strength
in compression [16, 17]. Consequently, the American design code ACI 440.1R-15 [18]
and Canadian design code CSA S806-17 [19] ignore the load contribution of FRP bars in
the load carrying capacity of compression members. However, the recent Canadian
highway bridge design code CSA S6-19 [20] allows to consider the contribution of FRP
bars in compression
The behaviour of FRP bar reinforced OPC concrete columns has been widely studied in
the literature. Tobbi et al. [21] experimentally tested concentrically loaded GFRP RC
columns. The study showed that GFRP RC columns attained comparable or even higher
load carrying capacities than the counterpart steel RC columns. Afifi et al. [16] found that
the load contribution of longitudinal GFRP bars in the load carrying capacities of GFRP
RC columns ranged between 5-10% depending on the confinement provided by the GFRP
helices. Further, the increase in the confining pressure due to the reduction in pitch of the
GFRP helices significantly improved the axial load carrying capacity and the overall
ductility of OPC and GPC concrete columns [17, 22]. Maranan et al. [23] found that, the
average load contribution of GFRP bars in the axial load carrying capacities of GPC RC
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columns was 7.6%. Also, it was reported that, GFRP reinforced GPC columns yielded
higher strength as compared to the GFRP reinforced OPC concrete columns [23].
The behaviour of steel reinforced GPC columns has been analytically studied in the
literature [24, 25]. The results presented in the literature reasonably predicted the
response of steel reinforced GPC columns. On the other hand, only a few studies
investigated analytically the behaviour of GPC columns reinforced with GFRP bars under
different loading conditions. Dong et al. [26] developed a model to predict the loaddisplacement behaviour of rectangular GPC column. The study concluded that the
theoretical predictions provided a good correlation with the experimental results, with a
difference between theoretical and experimental results ranged from 6%-7% [26].
Elchalakani et al. [27] explored the behaviour of ambient-cured square GPC columns
reinforced with longitudinal GFRP bars and GFRP stirrups. It was observed that the
design equations available in different design codes for OPC concrete columns
conservatively predicted the load-moment capacities of the square GFRP reinforced GPC
columns [27].
The review of the literature revealed that the behaviour of circular GPC columns
longitudinally and transversally reinforced with GFRP bars and GFRP helices,
respectively, subjected to different loading conditions has not been extensively
investigated analytically. In particular, the review of the literature highlighted the lack of
analytical models for the load-moment (P-M) interactions of circular GFRP reinforced
GPC columns. Thus, in this paper, an analytical model was developed to predict the P-M
interactions of circular GPC columns reinforced with GFRP bars and GFRP helices. The
layer-by-layer numerical integration method was used to develop the analytical P-M
interaction diagrams of GFRP bar reinforced GPC columns. The analytical P-M
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interactions of reference GPC columns reinforced with an equivalent steel reinforcement
was also investigated using the developed model. The analytical results of this study
were then validated against the experimental results presented in Hadi et al. [28]. Further,
a parametric study was conducted to explore the effect of increasing the compressive
strength of GPC and GFRP longitudinal reinforcement ratio on the behaviour of GPC
columns.
A.3 Analytical modeling
In this study, an available stress-strain model of GPC was modified to study the behaviour
of confined GPC columns. The behaviour of longitudinal reinforcement was modeled
using the approaches in the literature.
A.3.1 Modeling of confined geopolymer concrete (GPC)
Thorenfeldt et al. [29] proposed a stress-strain model to analyse the behaviour of Portland
cement based high strength concrete (HSC). The overall behaviour of GPC is brittle,
which is similar to HSC [24, 30]. Sarker [24] found that the model proposed by
Thorenfeldt et al. [29] can also be used to study the stress-strain behaviour of GPC and is
given in Eq. (A.1).
𝜀𝜀
𝑛𝑛 �𝜀𝜀 𝑐𝑐 �
𝑓𝑓𝑐𝑐
𝑐𝑐𝑐𝑐
=
𝑓𝑓𝑐𝑐𝑐𝑐 𝑛𝑛 − 1 + � 𝜀𝜀𝑐𝑐 �𝑛𝑛𝑛𝑛
𝜀𝜀

(A.1)

𝑐𝑐𝑐𝑐

where fc = compressive stress in concrete; εc = strain in concrete; fco = unconfined
compressive strength of concrete at 28 days, εco = unconfined concrete strain at fco; n =
curve fitting factor; and q = shape factor to control the ascending and the descending
branches of the stress-strain curve of confined GPC.
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It is noted that the behaviour of GPC used in this study was similar to that used in Sarker
[24]. Therefore, in this study, the model adopted in Sarker [24] was used to model the
behaviour of GPC. However, Eq. (A.1) was modified to predict the stress-strain
behaviour of confined GPC, as given in Eq. (A.2). The factors for unconfined GPC
strength (fco) and corresponding unconfined concrete strain (εco) in Eq. (A.1) were

replaced with the confined GPC strength (f 'cc) and the corresponding confined GPC strain
(εcc), respectively.
𝜀𝜀
𝑛𝑛 �𝜀𝜀 𝑐𝑐 �
𝑓𝑓𝑐𝑐
𝑐𝑐𝑐𝑐
=
𝜀𝜀 𝑛𝑛𝑛𝑛
𝑓𝑓𝑐𝑐𝑐𝑐′
𝑛𝑛 − 1 + �𝜀𝜀 𝑐𝑐 �

(A.2)

𝑐𝑐𝑐𝑐

The f 'cc and corresponding confined GPC strain (εcc) were calculated using Eq. (A.3) and
(A.4), according to Karim et al. [22].
𝑓𝑓𝑐𝑐𝑐𝑐′ = 𝑘𝑘𝑐𝑐 𝑓𝑓𝑐𝑐𝑐𝑐

𝜀𝜀𝑐𝑐𝑐𝑐 = 𝑘𝑘𝑐𝑐2 𝜀𝜀𝑐𝑐𝑐𝑐

(A.3)
(A.4)

where fco = unconfined compressive strength of GPC (0.9 times of the compressive
strength of GPC concrete) and kc = confinement efficiency coefficient. The strength
reduction factor of 0.9 was adopted in place of 0.85, as recommended in Maranan et al.
[23] for GPC. The unconfined GPC strain (εco) was calculated using Eq. (A.5) based on
Farhan et al. [25].
𝜀𝜀𝑐𝑐𝑐𝑐 =

𝑛𝑛
𝑓𝑓𝑐𝑐𝑐𝑐
×
𝑛𝑛 − 1 𝐸𝐸𝑐𝑐

(A.5)

where the factor n was calculated using Eq. (A.6) as in Sarker [24] and Farhan et al. [25]
for GPC.
𝑛𝑛 = 0.8 +

𝑓𝑓𝑐𝑐𝑐𝑐
12
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(A.6)

The Ec of OPC can be calculated using the equations in AS 3600-18 [31] and ACI 31819 [32]. However, none of the design codes provided the equation to predict the Ec of
GPC. Hardjito et al. [30] proposed Eq. (A.7) to calculate the Ec of GPC. Also, a detailed
experimental study conducted by Ali et al. [17] showed that Eq. (A.7) could reasonably
be used to predict the Ec of GPC. Hence, in this study, Eq. (A.7) was used to calculate the
Ec of GPC.
𝐸𝐸𝑐𝑐 = 2707�𝑓𝑓𝑐𝑐𝑐𝑐 + 5300 (MPa)

(A.7)

The factor q in Eq. (A.2) is equal to 1 for εc / εcc ≤ 1, otherwise q can be calculated using
Eq. (A.8).

𝑞𝑞 = 0.67 +

𝑓𝑓𝑐𝑐𝑐𝑐
62

(A.8)

The factor kc was calculated using Eqs. (A.9) – (A.11), as recommended in Karim et al.
[22].
𝑘𝑘𝑐𝑐 =

5 𝑓𝑓𝑙𝑙𝑙𝑙 + 𝑓𝑓𝑐𝑐𝑐𝑐
0.5 𝑓𝑓𝑙𝑙𝑙𝑙 + 𝑓𝑓𝑐𝑐𝑐𝑐

(A.9)

where fla is the actual lateral confinement pressure provided by helices and was calculated
based on the characteristics of the helices, as shown in Eq. (A.10).
𝑓𝑓𝑙𝑙𝑙𝑙 =

π 𝑑𝑑ℎ2 𝑘𝑘𝜀𝜀 𝑓𝑓ℎ
2𝑑𝑑𝑐𝑐 𝑝𝑝

(A.10)

where dh is the diameter of helices; and kε is the reduction factor to determine the effective
strain in the helices. The kε for the GFRP helices is still under investigation due to limited
number of studies available in the literature. Thus, in this study, the k ε = 0.55 was taken
based on Pantelides et al. [34]. The fh is the tensile strength of helices; dc is the diameter
of the helically confined GPC core and p is the c/c pitch of helices. The tensile strength
of helices was calculated according to ACI 440.1R-15 [18], as shown in Eq. (A.11).
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0.05 𝑟𝑟ℎ
𝑓𝑓ℎ = �
+ 0.3� 𝑓𝑓ℎ𝑢𝑢 ≤ 𝑓𝑓ℎ𝑢𝑢
𝑑𝑑ℎ

(A.11)

where rh is the radius of the helices from inner edge and fhu is the tensile strength of straight
bar used to manufacture the helices at the ultimate point.

A.3.2 Modeling of reinforcement
The stress-strain behaviour of longitudinal steel bars were modeled considering the
elastic-plastic behaviour of the bar under compression and tension. At a given axialstrain, the axial-stress in the steel bar was determined using the elastic modulus (E) of the
steel bar. Therefore, the stress in a longitudinal steel bar fsi under compression can be
calculated using Eq. (A.12) when (εs < εy) or Eq. (A.13) when (εs > εy).
𝑓𝑓𝑠𝑠𝑠𝑠 = 𝜀𝜀𝑠𝑠𝑠𝑠 𝐸𝐸𝑠𝑠
𝑓𝑓𝑠𝑠𝑠𝑠 = 𝑓𝑓𝑦𝑦

(A.12)
(A.13)

where fsi, εsi, Es and fy are the axial stress, corresponding axial strain, elastic modulus and
strength of steel bar at yielding, respectively.
The stress-strain behaviour of longitudinal GFRP bars were modeled based on the linearelastic behaviour until the rupture of the bar, as adopted in Deitz et al. [35], Khan et al.
[36] and Hasan et al. [37]. At a given axial strain, the axial stress in a longitudinal GFRP
bar was calculated using the E of the longitudinal GFRP bar and can be determined using
Eq. (A.14).
𝑓𝑓𝐺𝐺𝐺𝐺 = 𝜀𝜀𝐺𝐺𝐺𝐺 𝐸𝐸𝐺𝐺

(A.14)

where fGi, εGi, and EG are the axial-stress, corresponding axial strain, and elastic tensile
modulus of the longitudinal GFRP bar, respectively.
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A.4 Analytical load-moment (P-M) interaction diagrams
In this study, the load carrying capacity of the concentrically loaded steel bar reinforced
GPC columns were calculated based on ACI 318-19 [32]. The load carrying capacities of
concentrically loaded GFRP bar reinforced GPC columns were determined based on
Karim et al. [33]. The moment capacities for all the concentrically loaded GPC columns
were considered as zero. On the other hand, a layer-by-layer numerical integration
(LLNI) method was adopted to calculate the load and moment capacities of all GPC
columns subjected to eccentric (15 mm and 35 mm) and flexural loading. The LLNI
method has been adopted in the literature for the analysis of OPC concrete columns [36,
37]. However, the method is novel to study the load-moment (P-M) interaction diagrams
for GFRP reinforced GPC columns. In this study, a MS Excel spreadsheet was used to
develop the analytical P-M interaction diagrams for all the GPC columns.
A.4.1 Load carrying capacity of concentrically loaded GPC columns
The American design code ACI 318-19 [32] recommend that the load carrying capacities
of concentrically loaded steel RC columns can be calculated using Eq. (A.15).

𝑃𝑃𝑛𝑛 = 0.85 𝑓𝑓𝑐𝑐ʹ �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 �+𝑓𝑓𝑦𝑦 𝐴𝐴𝑠𝑠

(A.15)

where Pn is the load carrying capacity of the axially loaded column; f 'c refers to the
compressive strength of concrete; Ag represents the cross-sectional gross area of concrete;
As refers to the total area of the longitudinal reinforcing steel bars; and fy is the strength of
the longitudinal reinforcing steel bar at yielding. In the literature, Eq. (A.16) has been
commonly adopted to predict the load carrying capacity of the concentrically loaded FRP
reinforced concrete columns [38, 39].
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𝑃𝑃𝑛𝑛 = 0.85 𝑓𝑓𝑐𝑐ʹ �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑓𝑓 �+ ε𝐺𝐺 𝐸𝐸𝐺𝐺 𝐴𝐴𝑓𝑓

(A.16)

where Af is the area of the GFRP bars. Equations (A.15) and (A.16) ignore the
contribution of helices in the axial load carrying capacity of the columns. However, the
detailed experimental studies on steel and GFRP reinforced columns presented in Afifi et
al. [16], Ali et al. [17], Maranan et al. [23] and Hadi et al. [38] reported that the pitch of
the GFRP helices significantly affects the load carrying capacity of the columns. Also,
the strength reduction factor of 0.9 was recommended to be used for GPC based in
Maranan et al. [23]. The peak axial load can be calculated by adding the contribution of
the confined concrete core and the longitudinal bars. Hence, in this study, Eqs. (A.15)
and (A.16) were modified for the participation of steel and GFRP helices in the concentric
load carrying capacities of the columns and are given in Eqs. (A.17) and (A.18),
respectively.
𝑃𝑃𝑛𝑛 = 0.9 𝑓𝑓𝑐𝑐𝑐𝑐ʹ 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑓𝑓𝑦𝑦 𝐴𝐴𝑠𝑠

𝑃𝑃𝑛𝑛 = 0.9 𝑓𝑓𝑐𝑐𝑐𝑐ʹ 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + ε𝐺𝐺 𝐸𝐸𝐺𝐺 𝐴𝐴𝑓𝑓

(A.17)
(A.18)

where Acover and Acore are the areas of the unconfined concrete cover and confined concrete
core, respectively.
A.4.2 Load and moment capacity of eccentrically and flexurally loaded GPC columns
The load and moment capacity of eccentrically and flexurally loaded GPC columns were
calculated using the LLNI method. The following assumptions were adopted in this study
for simplification:
• A plane section remains plane after the bending
• In tension zone, the tensile strength of GPC is negligible
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• The strain is linearly distributed in the cross-section of the specimen
• The bond between the reinforcement and surrounding GPC is perfect
To obtain the accurate results, the whole cross-sectional area of the confined concrete
was divided into n number of small layers. Each layer has a width (bli) with a constant
thickness tli as shown in Fig. A.1. The bli of each layer was determined using Eq. (A.19).
The thickness of each layer (tli), in this study, was considered as one millimeter. Hence,
the total number of layers in the section was calculated by dividing the diameter (D) of
the confined concrete by the unit thickness of the layer.
2
1
2
�
𝑏𝑏𝑙𝑙𝑙𝑙 = 𝑅𝑅 − �𝑅𝑅 − �𝑖𝑖 − � × 𝑡𝑡𝑙𝑙𝑙𝑙 �
2

(A.19)

where R refers to the radius of concrete gross cross-section (D/2) and i is the number of
concrete layer from the compression side. The average width of the confined concrete
layer (bcli) can be calculated by replacing R in Eq. (A.19) with Rc (radius of the confined
concrete core). At the assumed depth (dn) of the neutral, the average axial strain in the
middle of the ith concrete layer (εci) can be calculated using Eq. (A.20).

ε𝑐𝑐𝑐𝑐 = �1 −

1
�𝑖𝑖 − 2� × 𝑡𝑡𝑙𝑙𝑙𝑙
𝑑𝑑𝑛𝑛

� ε𝑐𝑐𝑐𝑐

(A.20)

The stress in the confined concrete (fcci) can be calculated using Eq. (A.11). Therefore,
the force at the middle of each confined layer of concrete was determined using Eq.
(A.21).
𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 =𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 ×𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐

(A.21)

where Fcci = force in the confined concrete core layer and Acli = area of the confined
concrete layer, which can be calculated by multiplying bcli with tli.
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Fig. A.1: Details of GPC specimens: (a) Cross-section; and (b) Stress-strain profile for P-M interaction diagrams with layer-by-layer
integration method
194

The force in each reinforcing bar was determined by multiplying the stress with the area
of the bar using Eq. (A.22).
𝐹𝐹𝑏𝑏𝑏𝑏 =𝑓𝑓𝑏𝑏𝑏𝑏 ×𝐴𝐴𝑏𝑏𝑏𝑏

(A.22)

where Fbi = force in the bar, fbi = axial stress in the bar and Abi = area of the concrete layer.
For all GPC columns, fbi was calculated using Eqs. (A.12), (A.13), and (A.14). The load
carrying capacity of GPC columns can be determined by the summation of the forces in
confined GPC and longitudinal bars. It is noted that to avoid the over-estimation, the
contribution of the concrete area replaced by the longitudinal bar area (Fcbi) was
subtracted
Thus, the load carrying capacities of the GPC columns were accurately predicted using
Eq. (A.23).
𝑃𝑃𝑛𝑛 = � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 + � 𝐹𝐹𝑏𝑏𝑏𝑏 − � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐

(A.23)

Similarly, the moment capacity Mn, can be determined by the summation of the moment
arm of the forces around the center of the cross-section using Eq. (A.24).
1
𝑀𝑀𝑛𝑛 = � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 �𝑅𝑅 − �𝑖𝑖 − � 𝑡𝑡𝑙𝑙𝑙𝑙 � + � 𝐹𝐹𝑏𝑏𝑏𝑏 (𝑅𝑅 − 𝑑𝑑𝑏𝑏𝑏𝑏 ) − � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 (𝑅𝑅 − 𝑑𝑑𝑏𝑏𝑏𝑏 )
2

(A.24)

A.5 Verification of analytical model based results

The load and moment capacities of GPC columns analytically determined using the
developed modeling technique were verified with the detailed experimental results
presented in Hadi et al. [28]. In this paper, the details of the experimental work and the
procedure to calculate the experimental bending moment capacity are summarized for
clarification.
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A.5.1 Summary of the experimental study
Twelve circular GPC specimens were experimentally tested under different loading
conditions (concentric, eccentric, and four-point bending). All the concentric, eccentric
and flexurally loaded specimens were categorized into three groups depending upon the
type and configuration of the reinforcement, as shown in Table A.1. The first specimen
in each group was tested under pure concentric loading. The second and third specimens
in each group were tested under 15 mm and 35 mm eccentric axial loading. The fourth
specimen in each group was tested under pure flexural loading. The size of the axially
loaded specimens was 160×640 mm (D×H), whereas the size of the flexurally loaded
specimens was 160×1500 mm (D×H). The specimens were cast using the mix design of
an ambient cured geopolymer concrete (GPC) developed in Ali et al. [1]. The first and
the last testing day average compressive strength of GPC was 58.2 MPa.
Table A.1: Test matrix.
Group

GS40

GG40

GG75

Specimen

Size (mm)

GS40-C
GS40-15
GS40-35
GS40-F
GG40-C
GG40-15
GG40-35
GG40-F
GG75-C
GG75-15
GG75-35
GG75-F

160 x 640
160 x 640
160 x 640
160 x 1500
160 x 640
160 x 640
160 x 640
160 x 1500
160 x 640
160 x 640
160 x 640
160 x 1500

Longitudinal
Helices
reinforcement

6N10

6G10

6G10
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Loading condition

Concentric
e = 15 mm
R8 @
e = 35 mm
40 mm
Four-point bending
Concentric
e = 15 mm
G8 @
40 mm
e = 35 mm
Four-point bending
Concentric
e = 15 mm
G8 @
75 mm
e = 35 mm
Four-point bending

The specimens of the first group (GS40) were reinforced with six longitudinal N10
(diameter = 10 mm) deformed steel and R8 (diameter = 8 mm) plain steel bar helix with
40 mm pitch. The specimens in the second group (GG40) and the third group (GG75)
were reinforced with six longitudinal G10 (diameter = 10 mm) ribbed GFRP bars and G8
(diameter = 8 mm) GFRP bar helix. The pitch of the helices in Groups GG40 and GG75
was 40 mm and 75 mm, respectively. The mechanical properties of both N10 and R8 steel
bars were determined as per AS 1391-17 [41]. The tensile strength at yielding of N10 and
R8 steel bars was 552 MPa and 520 MPa, respectively. The elastic modulus (E) of N10
and R8 steel bars was 193 GPa and 190 GPa, respectively. Figure 2 shows the close-up
view of GFRP bars and GFRP helices. The root diameters of G10 and G8 GFRP bars
were 9.2 mm and 7.4 mm, respectively, as per the manufacturer [42]. The immersion
diameter of G10 and G8 GFRP bars determined using ISO 10406-1-15 [43] was 9.8 mm
and 7.7 mm, respectively. The mechanical properties of both G10 and G8 straight GFRP
bars were determined as per ASTM D7205-16 [44]. The tensile strength of G10 and G8
GFRP bars was 1263 MPa and 1162 MPa, respectively. The E of G10 and G8 GFRP bars
was 63.8 GPa and 61.9 GPa, respectively. Table 2 shows the mechanical properties of
steel and GFRP bars. The specimens in the test matrix were labeled in two parts, as shown
in Table 1. The first part refers to the type of reinforcement and the pitch of the helices.
The second part defines the loading condition for the specimen. For example, Specimen
GG40-C refers to the GPC column internally reinforced with six longitudinal GFRP bars
and GFRP helices at 40 mm pitch subjected to axial concentric load. All the
concentrically and eccentrically (15 mm and 35 mm) loaded specimens were tested using
a compression machine of 5000 kN capacity. A loading frame of 1000 kN capacity was
employed to test the specimens under flexural load. The preparation and experimental
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testing of all the specimens were carried out at the laboratories of the University of
Wollongong, Australia.
A.5.2 Experimental load-moment (P-M) interaction diagrams
The experimental P-M interaction diagrams of all the specimens were plotted using four
reference points. The first reference point refers to the specimen tested under pure
concentric load. The second and third reference points refer to the specimens subjected
to 15 mm and 35 mm eccentrically loaded specimens, respectively. The fourth reference
point refers to the moment capacity of the specimen tested as a beam under flexural load.
For the specimens tested under pure concentric load, the moment capacity was considered
as zero. The experimental moment capacities (M) of the 15 mm and 35 mm eccentrically
loaded specimens were determined using Eq. (A.25). The experimental M of the
flexurally loaded specimens tested as beams was determined using Eq. (A.26).
M = 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑒𝑒)

M=

𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 𝐿𝐿
6

(A.25)
(A.26)

where; Ppeak = peak load, e = eccentricity at which the load is applied and L = length (1300
mm) in between the end supports of the beam specimens.
Table A.2 shows the experimental peak loads and moment capacities of all the ambientcured GPC specimens experimentally tested in Hadi et al. [28] under different loading
conditions.
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Table A.2: Comparison of experimental and analytical results.
Group

GS40

GG40

GG75

Specimen
GS40-C
GS40-15
GS40-35
GS40-F
GG40-C
GG40-15
GG40-35
GG40-F
GG75-C
GG75-15
GG75-35
GG75-F

Experimental
Load
(kN)
1243.6
925.9
493.7
1062.2
778.4
469.7
876.8
734.1
415.9
-

Moment
(kN.m)
0
13.9
17.3
15.6
0
11.7
16.4
13.9
0
11.0
14.6
13.1

Analytical
Load
(kN)
1041.9
768.0
436.0
978.5
754.0
399.6
823.5
663.2
341.6
-

Moment
(kN.m)
0
11.6
15.3
14.6
0
11.3
14.0
11.7
0
9.9
11.9
9.2

Figure A.2 shows the experimental P-M interaction diagrams of all GPC columns. It can
be observed that Group GS40 exhibited higher load-moment capacity than Group GG40.

Fig. A.2: Experimental P-M interaction diagrams of Groups GS40; GG40; and GG75
specimens
The higher E value of steel bars compared to the GFRP bars resulted in an overall increase
in the load-moment capacity of Group GS40. It can also be observed that for GFRP
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reinforced specimens, the increase in the pitch of the GFRP helices reduced the confining
pressure, which led to an overall decrease in the load moment capacities of Group GG75,
as shown in Fig. A.2.
A.5.3 Comparison of analytical and experimental P-M interaction diagrams
The experimental and analytical load and moment capacities of all the GPC specimens
subjected to different loading conditions are shown in Table A.2. Figure A.3 shows the
comparison of analytical versus experimental load-moment (P-M) interaction diagrams
of GPC specimens. It can be observed that the analytical P-M interaction diagrams
slightly underestimated the experimental P-M interactions for Group GS40 under
concentric, eccentric and flexural loads, as shown in Fig. A.3a. For Specimens GS40-C,
GS40-15, and GS40-35, the analytical axial load carrying capacities were 83.8%, 82.9%,
and 88.3%, respectively, of their experimental axial load carrying capacities. Similarly,
for Specimens GS40-15, GS40-35, and GS40-F, the analytical moment capacities were
83.5%, 88.5%, and 93.6%, respectively, of their experimental moment capacities.
For Groups GG40 and GG75 the analytical (P-M) interaction diagrams accurately
estimated the experimental (P-M) interaction diagrams for concentrically and
eccentrically loaded specimens (Fig. A.3b and Fig. A.3c). For Specimens GG40-C,
GG40-15, and GG40-35, the analytical load carrying capacities were 92.1%, 96.9%, and
85.1%, respectively, of their experimental load carrying capacities. The analytical
moment capacities of Specimens GG40-15, GG40-35, and GG40-F were 96.8%, 85.1%
and 84.2%, respectively, of their experimental moment capacities. Similarly, for
Specimens GG75-C, GG75-15, and GG75-35 the analytical load carrying capacities were
93.9%, 90.3%, and 82.1%, respectively, of their experimental load carrying capacities.
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The analytical moment capacities of Specimens GG75-15, GG75-35, and GG75-F were
89.9%, 81.8%, and 70.5%, respectively, of the experimental moment capacities.

(a)

(b)

(c)

Fig. A.3: Experimental versus analytical P-M interaction diagrams: (a) Group GS40; (b)
Group GG40; and (c) Group GG75
Overall, the analytical model developed in this study provided reasonable predictions for
the load and moment capacities of all the specimens under concentric and eccentric loads.
The analytical results showed that the developed model predicted different load and
moment capacities for Groups GG40 and GG75. This led to the conclusion that the
developed model is capable of predicting the load and moment capacities by considering
the contribution of the confinement provided by the transverse helical reinforcement.
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Therefore, the model can be adopted to predict the load and moment capacities of GFRP
bar reinforced GPC columns subjected to different loading conditions.
A.6 Parametric analysis
The analytical modeling technique developed in this study was adopted to study the effect
of two parameters on P-M interaction diagrams of GFRP reinforced circular GPC
columns subjected to different loading conditions. In this study, the investigated
parameters included the compressive strength of geopolymer concrete and the ratio of
longitudinal reinforcement in GPC columns. The diameter of all GPC columns was
considered as 160 mm, similar to those used in Hadi et al. [28]. The behaviour of the
columns was assessed based on only one parameter at a time, considering all other
parameters constant.
A.6.1 Effect of the compressive strength of GPC
In this study, the parametric analysis was conducted using the specimens of Groups GG40
and GG75 to study the influence of the compressive strength (f 'c) on P-M interaction
diagrams. The load-moment capacities increased by increasing the f 'c of GPC (Fig. A.4).

The effect of increasing the f 'c of GPC was more prominent for concentric and low level
of eccentric axial loadings. This is because the role of GPC is significant in the concentric
load capacity as compared to flexural load capacity. It was observed that increasing the
f 'c of GPC from 40 to 80 MPa resulted in increasing the pure concentric load carrying
capacity of the GFRP reinforced GPC columns with 40 mm pitch of GFPP helices by
approximately 46%. Similarly, for the GFRP reinforced GPC columns with 75 mm pitch
of GFPP helices, the increase in the pure concentric axial load carrying capacity was
approximately 55% due to the increase in f 'c of GPC from 40 to 80 MPa.
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On the other hand, it was observed that the increase in the moment capacities of all
specimens under pure flexural load is not significant even at the high values of f 'c of
GPC, as shown Figs. A.4(a) and A.4(b). This is because concrete is weak in tension and
only primary reinforcing bars are responsible for bearing the load in the tension zone.

(a)

(b)
Fig. A.4: Effect of compressive strength of GPC on P-M interaction diagrams: (a)
Group GG40; (b) Group GG75
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Therefore, it can be concluded that using the high strength GPC can significantly improve
the load carrying capacities of the concentrically and low level of eccentrically loaded
GFRP reinforced GPC columns. Also, it was observed that the effect of increasing the f 'c
of GPC on the concentric load carrying capacity of GFRP reinforced GPC column is
significant for the columns with a higher pitch of the helices.
A.6.2 Effect of the ratio of longitudinal reinforcement
In this study, the effect of increasing the ratio of the longitudinal reinforcement (ρ) on the
P-M interaction diagrams was investigated. Groups GG40 and GG75 with four different
values of ρ were considered to study the effect of ρ on P-M interaction diagrams. The f 'c
was kept constant to 45 MPa for all the specimens. The ρ value recommended in ACI
318-19 [32] for RC columns ranges from 1% to 8%. However, for columns with lap
spliced longitudinal reinforcement, the maximum value of ρ is recommended to be used
as 4%. Therefore, in this study, four longitudinal reinforcement ratios (ρ = 1%, 2%, 3%
and 4%) were considered.
Figure A.5 shows the influence of the different ratios of longitudinal reinforcement on
load and moment capacities. It can be observed that overall, using the higher ρ resulted
in increasing the load and moment carrying capacities of the GFRP reinforced GPC
columns under different loading conditions. As compared to the concentric axial load
carrying capacities, the pure bending moment capacities of the specimens were
significantly increased due to an increase in ρ. Increasing the ρ from 1% to 4% for the
GFRP reinforced GPC columns with 40 mm pitch of the GFRP helices resulted in
increasing the flexural load carrying capacity by approximately 108%. Similarly, the
increase in the flexural load capacities for GFRP reinforced GPC columns with 75 mm
pitch of the GFRP helices was about 120%, due to an increase in the ρ from 1% to 4%.
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(a)

(b)
Fig. A.5: Effect of longitudinal reinforcement ratio on P-M interaction diagrams: (a)
Group GG40; (b) Group GG75
This pronounced improvement in the moment capacities was due to the full utilisation of
the tensile strength of GFRP bars under flexural loading as compared to concentric
loading. Hence, to increase the moment capacities of GPC columns subjected to fourpoint bending high longitudinal GFRP reinforcement ratio should be used.
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A.7 Conclusions
In this study, an analytical model was developed for the prediction of the load and
moment capacities of GPC columns. The analytical results attained in this study were
verified against the experimental results. In addition, the influence of compressive
strength (f 'c) of GPC and longitudinal reinforcement ratio (ρ) on P-M interaction
diagrams was analytically investigated in a parametric study.

The developed analytical model takes into account the effect of the confinement provided
by the helical reinforcement and predicts the load and moment capacities of GFRP
reinforced GPC circular columns under different loading conditions with good accuracy.
The analytical load carrying capacities of GFRP reinforced GPC columns ranged from
82% to 97% of the experimental load carrying capacities. The analytical moment
capacities of GFRP reinforced GPC columns ranged from 71% to 97% of the
experimental results.
The parametric analysis indicates that the load carrying capacities of GPC columns
reinforced with GFRP bars and GFRP helices can be improved significantly by using the
high-strength GPC. Also, the moment capacity of the column can be enhanced by
increasing the longitudinal GFRP reinforcement ratio in the column. The analytical
results highlights that GFRP bar reinforcement can be used as an alternative of
conventional steel bar reinforcement for GPC columns subjected to different loading
conditions.
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